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PREFACE 

This book has been written for the use of enlisted men in 
preparing for advancement to the rating of Electrician's Mate 
2c. The scope of the material presented here is designed to 
cover the qualifications necessary for advancement to Elec- 
trician's Mate 2c so far as it is possible to do so in writing, 
as distinct from the skill and practical factors to be gained 
from actual experience. 

After a speedy review of the basic facts of electricity, this 
book goes into a full discussion of generators and motors, lead- 
ing to sections on controls and circuit breakers. The course 
is rounded out with two chapters on A.C. motors and con- 
trollers and with a discussion of reactance and impedance. 

As one of the Navy Training Courses, this book repre- 
sents the joint endeavor of the Training Publications Section 
of the Bureau of Nava! Personnel and of those Naval estab- 
lishments specially cognizant of the technical aspects of the 
Electrician's Mate's duties. 
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CHAPTER I 



A QUICK REVIEW 
SURE, YOU KNOW ELECTRICITY— 

But in this book you're going to learn a lot more, so how 
about taking a quick look at what you already know ? It won't 
do any harm — in fact, you ought to have a good review every 
so often anyway. But, watch this chapter — you'll travel at 
flank speed. 

VOLTS, AMPERES, AND OHMS 

Remember what happens when you hook up an electron 
pump — you call it a generator — to a conductor? The genera- 
tor forces electrons into one end of the conductor, and just as 
many electrons get shoved out the other end of the wire. 

The electromotive force (emf) which the generator puts 
on one end of the wire to make the electrons move is expressed 
in volts. Voltage actually shows the difference in emf be- 
tween two points in a circuit. 

If one volt potential causes a coulomb of electrons to 
pass a point in the wire in a second, you have an ampere of 
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current flowing. Thus the ampere is the unit of measure of 
current flow per unit of time. 

And the flow of electrons through a conductor is slowed up 
by the resistance of the metal. The moving electrons bump 
and rub against each other as they work their way from atom 
to atom in the wire. This resistance is expressed in ohms. 




Figure I. — Ohms, ampim, and volts. 

Now to get ohms, amperes, and volts straight in your elec- 
trical mind, look at figure i. Ohms = resistance ; volts — elec- 
tromotive force ; and amperes = quantity of current per sec- 
ond. And don't forget the "per second" part on that definition 
of amperes. 

Finally, be sure to remember that electrons move from 
negative to positive. 



ATTENTION! WARNINGI 

Years ago, Ben Franklin jumped to the conclusion that the 
direction of an electrical current is from positive to negative. 
Modern experiments have shown the real movement to be that 
of electrons — from negative to positive. Nevertheless, 
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Franklin's theory is still used in many electrical textbooks and 
in some Navy manuals. 

If you run across the old theory, don't let it confuse you. 
In those cases where you find that current is traced from 
positive to negative, simply use the opposite hand from the 
one used in this book. Your answers will then be correct. 

And throughout this book all explanations are based on 
present-day knowledge — that electron flow is from negative to 
positive. 

ELECTRICAL SYMBOLS 

Having come this far as an Electrician's Mate, you probably 
know all about electrical symbols and wiring diagrams. But 
it's a good idea to give them a quick review at this point. 
Glance over the chart in figure 2, and keep this chart in mind 
as a handy reference when you are studying wiring diagrams in 
later chapters of this book. 

SERIES AND PARALLEL CIRCUITS 

A quick glance at figure 3 will jog your thinking on the 
difference between series and parallel circuits. 




(A) (B) (C) 



Figure 3. — (A) Series circuit; ( B, C) parallel circuits. 
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Here 's a handy set of rules to help you spot any circuit as 
being either series or parallel — 



SERIES 

1. One path only for current. 

2. Every load dependent on 
other loads. If one device 
breaks down or is open, 
current to all the other de- 
vices is shut off. 

3. Each terminal has only one 
conductor attached. Cur- 
rent never branches at 
series terminals. 



PARALLEL 

1. As many paths (branches) 
for current as there are de- 
vices in the circuit. 

2. Each load is independent 
of all the other loads. Used 
for many load circuits. 



OHM f S LAW 

Here's your old friend, Ohm, back again, this time with his 
famous law — 

E 
R 

That formula is the mathematical way of saying that the total 
current through any circuit is equal to the total voltage of the 
circuit, divided by the total resistance in the circuit. Sure, you 
knew that! But don't forget — if you apply the law to a part 
of the circuit, use the current, voltage, and resistance values 
for that part. You know how fouled up the answers get 
when you use the wrong values. 

You'll also recognize Ohm's Law when it's turned around — 

E 

E = IR, and R = — 

I 

And it's only a short jump to the power equation — 

P — EL or P = PR 
Don't forget — P is the power in watts. 



METERS 



You're logging the circuit to the after turret. Nope, you 
don't stick your finger in the socket and yell "*-()#*, chief, 
the blankety-blank so-and-so is full of amps., volts, and juice!" 
The chief in his usual gentle manner, would probably shake 
his head and say, "Gracious Harold, get out the ammeter, 
ohmmeter, and voltmeter, and give me a better answer than 
that." 

Naturally, you use meters — and connecting them in the right 
lines and at the proper points will give you true readings. In 
figure 4B and 4C, for example, there are two right ways to 




CORRECT CORRECT INCORRECT 

(A) (B) (C) (D) 



Figure 4. — Ammeter connections. 

get an ammeter reading on the circuit of figure 4A, while con- 
necting the ammeter up as in figure 4D is a fool-proof way 
to wreck the meter in the shortest possible time. 

If you want to measure the current through a complete cir- 
cuit, figure $A is your connection. But if you want only the 
current through the topmost load, the circuit of figure $B will 
do the job. 

And if you want to measure a current that you know runs 
between 50 and 70 amperes, you won't get to first base — you 
won't even get up to bat — by using an ammeter designed to 
measure currents between say, o and 3 amperes. But you 
don't have a 0-100 ampere ammeter. All right, use your 1-3 
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Figure 5. — A, Measuring total currant through * circuit; 

B. Measuring the current through only one lamp. 



ampere job — with a different shunt! The shunt will carry 
most of the current, allowing only a small fraction of the total 
to run through the meter. 

For example — you have a 0-5 ampere meter, and you get 
a shunt that has only 1-100 the resistance of the meter. If 
you get a reading of 1.25 amperes on the meter, the current 
that is actually flowing in the main circuit is 125 amperes — 

100 X I.25— 125 amperes. 

Thus you have 100 times as much current going through the 
circuit as is going through the meter. 




HI 



(B) 




Figure 6.— Voltmeter connections. 
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Voltmeters are always connected across the two points 
whose voltage you want to measure. For example, A of figure 
6 shows how to measyre the battery or total voltage. But B 
and C measure the voltage across only one lamp. In using d.c. 
voltmeters, always be sure to hook up the meter so that its 
positive terminal is connected to the plus (-}-) side of the cir- 




OHMMETER 



Figure 7. — Ohmmeter connections. 





Figure 8. — Ammeter-voltmeter method of measuring resistance. 
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cuit, and its negative terminal is connected to the minus ( — ) 
side of the circuit. Reversed connections will make the meter 
read backwards. This is likely to bend the pointer. 

To measure the resistance of a circuit, you can use an 
ohm meter, connected as in figure 7, and get a direct reading 
in ohms. Or you can use an ammeter-voltmeter combina- 
tion, as shown in figure 8, and calculate the resistance by using 
Ohm's Law. 

CIRCUITS 

Here's a handy table to give you the voltage, current, and 
resistance formulas for series and parallel circuits — 



GENERAL LAWS FOR SERIES AND PARALLEL CIRCUITS 





Voltage 


Current 


Resistance 




Total voltage squals 
sum of voltages 
across the parts — 
Et—^+Ej+E,, etc. 


Current is the same 
in all parts — 

Ije^I^I^I^, ctC. 


Total resistance equals 
the sum of the resist- 
ance of the parts — 
Rp-tl^+Rj+R,, etc. 


Parallel.... 
1 


Voltage is the same 
across all parts of 
the circuit — 

E-r^E^E^E,, etc. 


Total current equals 
sum of currents in 
the different parts — 

Ir^ + 1,+1,, etc. 


The reciprocal of the 
total resistance is 
equal to the sum of 
the reciprocals of the 
resistance of the 
parts — 

R T R x R a R,,etc. 



KIRCHHOFFS LAWS 

Frequently you'll hit a direct current problem that is too 
complicated to solve by Ohm's Law. Then you use one or both 
of Kirchhoff's two laws to get the answer in a jiffy. Here are 

KIRCH HOFF's LAWS — 

One — At any point in a circuit as much current is 
flowing to that point as away from it. 
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Two — For a closed circuit, or a closed section of a 

COMPLICATED CIRCUIT, THE SUM OF THE IR DROPS 
IS EQUAL TO THE APPLIED EMF. 

You'll cover Kirchhoff's Laws carefully in Chapter 2. 

MAGNETISM 

Even the experts can't tell you exactly what magnetism is. 
But they can tell you how it works and what it does. 

Every magnet, even the earth, is surrounded by a field of 
magnetic flux. These magnetic flux lines flow out of the 
north pole of the magnet, and flow back into the south pole. 
All magnetic fields may not be so simple as figure 9. But just 
remember that as you trace from N to S you are tracing 
out the lines of the field. 

All magnetic fields follow three rules — (1) lines never cross, 
(2) all lines are complete from N to S f (3) in theory all lines 
leave at right angles to the magnet's surface. 

Magnets can be either permanent or temporary, depend- 
ing on whether they hold the magnetism a long time or lose it 
quickly when the magnetizing influence is removed. 

Permeability is a measure of the ease with which magnetic 
flux passes through a material, while reluctance is a measure 
of resistance of a material to magnetic flux. 




Figure 9. — Magnetic fields. 
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ELECTROMAGNETISM AND ITS USE 



Run a CURRENT THROUGH A WIRE, and yOU PRODUCE A MAG- 
NETIC field around the wire, as indicated by the arrangement 
of filings in figure 10. 




Figure 10.— Magnetic field around a conductor. 

Likewise move a wire up and down through a magnetic 
field, as in figure n, and you induce a current through the 
wire. Form the wire into a loop, and rotate the loop in the 




Figure II. — Induced currant. 
II 




Figure 12. — Generation of a line wave. 



magnetic field, and you will generate an alternating current in 
the wire. The a.c. goes through a complete cycle, as in figure 
12, each time a given conductor completes one revolution. The 
frequency of an alternating current is equal to the number of 
revolutions of the loop per second. 

By using a split ring or commutator, you can rectify the 
alternating current of the loop, and produce direct current in 
the external circuit. 

A d.c. motor is similar in construction to a generator. But 
in a motor, you feed current into the wire loop. The magnetic 
field of the loop with the stationary field of the poles produces 
torque to turn the loop. 

You use the hand rule to find the direction of the flux 
around a conductor. If you wrap your left hand around the 
conductor, with your thumb pointing in the direction of cur- 
rent flow, your fingers will point in a direction of flux flow. 
(See figure 13A.) 

You also use the hand rule for coils. To find the magnetic 
polarity of a coil, wrap the fingers of your left hand around 
the coil with your fingers pointing in the direction of current 
flow. Your thumb will then point to the north pole of the coil. 
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Figure 13. — Left-hand rule. 



INDUCTANCE AND CAPACITANCE 

Inductance is the property of a coil which makes it oppose 
any increase or decrease in current. The unit of inductance is 
the henry, named for Joseph Henry. 

And when you use inductance, you'll think of Lenz's Law — 

THE MAGNETIC FIELD SET UP BY AN INDUCED CURRENT OPPOSES 
THE MAGNETIC FIELD THAT INDUCED THE CURRENT. Figure 14 

is an illustration of the way this Law works. 
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Figure 14. — How L«nz't Law works. 



An electrical condenser (or capacitor) has capacitance. Its 
action is like a rubber bag inserted in the side of a water pipe. 
When the water is flowing normally through the pipe, the bag 
contains only a little water. But a sudden surge or over-supply 
will cause the bag to fill up. It stretches and holds as much 
water as necessary to take -up the surge. When flow decreases 
again, the bag slowly discharges into the supply. 

In the same way, a condenser uses its capacity to oppose 
changes in voltage. The condenser is charged with current 
on the voltage surges and discharges its current as the voltage 
decreases. You can have either fixed or variable condensers. • 
The unit of capacity is the farad, C. The capacity of a con- 
denser depends on several factors — such as surface area of 
plates opposite each other, type of material in the dielectric, and 
thickness of the dielectric. 
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TRANSFORMERS 



You remember that a conductor carrying a.c. is surrounded 
by a magnetic field and will induce a voltage in a second con- 
ductor lying within its field. This principle is used in making 
a transformer. If you have more turns of wire on the 
primary leg of the transformer core than on the secondary 
leg, your transformer will step-down the voltage. More turns 
on the secondary than the primary means a step-up trans- 
former. 

And that's the end of the review! If you aren't clear on all 
points, pick up a copy of basic electricity, NavPers 10622, 
and brush up- 
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CHAPTER 2 



KIRCHHOFPS LAWS 

THEY CRACK THE TOUGH ONES 

You've already heard about Kirchhoff's Laws, but do you 
know how to apply them? When you really know Kirchhoff's 
Laws — and know how to use them, you can solve any d.c. 
network, however complicated it may be. But it will require 
practice. So, to get you started off right, here is the first law, 
again — 

FIRST LAW 

IN A D.C. CIRCUIT AS MUCH CURRENT PLOWS AWAY FROM A 
JUNCTION POINT AS PLOWS INTO THE JUNCTION 

In figure 15, the currents flowing away from junction A are 
labelled I t , I 2 , and / 8 . The total current, It, is equal to the 
sum of I x -f- J 2 H~ h- O r » to it another way — the algebraic 
sum of the current at a junction is equal to zero — 

It — h— I—h = o 
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Let's get this "algebraic sum" bus ; ness straight. In algebra, 
you give all numbers a positive or negative value. Then add all 
the negative numbers together, and subtract from the total of 
the positive numbers. The remainder is the algebraic sum. 
Here's an example — you have 31 dollars in your pocket and 
you owe 26 dollars. The 31 dollars is positive and the 26 
dollars is negative. Money in the pocket and money owed 
are certainly in opposite directions. The algebraic sum is 
a positive 5 dollars. 




Figure 15. — KirchhofP* Firtt Law. 



Now, exactly the same kind of adding is done in using 
KirchhofFs First Law. All the currents flowing away from 
point A, — / lf 7 2 , and 7 3 — are negative. And all the currents 
flowing toward A, — 7t — are positive. So, all the negatives 
exactly balance the positives, and the algebraic sum is zero. 

By now you're saying "Sure, that's a law of series cir- 
cuits." So it is — because you're considering just one point 
in a circuit and of course, one point is in series with itself. 

The big advantage in this KirchhofFs Law is that you can 
always set down the facts of a circuit as a mathematical equa- 
tion. And that's the way you'll use the laws — making up 
your own equations. You'll learn how just as soon as you 
get the — 
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SECOND LAW 



THE SUM OP THE IR DROPS IN A CLOSED CIRCUIT, OR ANY CLOSED 
PORTION OF A COMPLEX CIRCUIT, IS EQUAL TO THE APPLIED EMF. 



Point B in figure 16 has a certain potential. Now, moving 
around the circuit, the sum of the ir drops across resistors 
Rd and Re will be equal to the voltage applied by the battery. 

You might look at KirchhofFs Second Law this way. Volt- 
age is applied to a circuit by generators or batteries. The loads 
of the circuit use up this voltage. And no matter how many 
sources you have or how strong they are — all the voltages are 
used up in the loads. 

Stating KirchhofFs Second Law mathematically — the alge- 
braic SUM OF ALL THE VOLTAGES IN A CLOSED CIRCUIT OR ANY 
PORTION OF A CIRCUIT IS EQUAL TO ZERO. Now, which gets 

the positive sign and which the negative? Here are two good 
rules that will keep you straight — 

Put a plus sign in front of each rise in emf. 

Put a minus sign in front of each drop in emf. 

Now look at figure 16 again. The current through the meter 
is 0.4. Remembering the two rules above, the ir drop across 
Rv will be — 



0.4 AMPS 



IR E = 04X10 
IR E «4V0LTS 
-4 V. 




Figure 16.— Kirch hofPs Second Law. 



0.4 X 5 — 2 v. 



and across Re — 



0.4 X 10 — 4 v. 



Labeling these ir drops negative, and the battery voltage 
(E b ) positive, you make up the following equation — 

E b — IR D — IRe = o 

Substituting, 

6 — 04 X 5 — °4 X 10 = 0 
6 — 2 — 4 = 0 

Remember no matter how many ir drops are present in a 
circuit, the sum of the ir drops about the circuit subtracted 
from the applied E always equals zero. 

HERE'S HOW— 

To use KirchhofFs first Law, you must analyze enough 
junctions so that you include every unknown current at least 
once. 

To use KirchhofFs second Law, you must apply it at least 
once to each branch in the network. 

To set up a problem for solution by KirchhofFs Laws here 
are the steps you must go through. 

First - — Draw the circuit diagram, label everything, and put 

in all the given quantities. 
Second — Indicate with arrows the direction the current is 
flowing. As in figure 17, It shows the total cur- 
rent in the circuit. I a shows the current through 
7?a, and Ib the current through Rb. Remember — 
It = /a + Ib 

Third — Count the number of unknowns you have, and set 
up the same number of equations to solve for the 
unknowns. Be sure each equation contains an ex- 
pression that you have not used in any previous 
equation. 

Finally — You can use algebra to solve the equations. 

WHICH DIRECTION? 

It doesn't matter which direction you select for the current 
arrow. If you choose the wrong direction the answer for total 
current will come out with a minus sign. Then you'll know 
that the current in that circuit flows in the other direction. 
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TRY A PROBLEM 



You connect a generator to feed two loads in parallel. The 
current drawn is 7 amperes. Resistance A is 30 ohms, and 
resistance B is 40 ohms. Ignore the resistance within the 
generator and the leads. The generator voltage, £ g , is 120 
volts. What is the current through each resistance? 



The circuit is shown in figure 17, with the known values 
labelled. You know that the current divides into I\ and Ib 
at junction C. And these two currents joint at F to form 
current It again. So, at C, by Kirchhoff's First Law — 

It — /a — Ib = o 

Next, start at A, and move through the generator, around 
the circuit and through the upper resistance R\. By Kirch- 
hoff's Second Law — 



Then, move from A through the generator and resistance 




E G « 120 VOLTS 



Figure 17. — Problem circuit. 



E 

E — 30 X I a — o, or I a- 

30 



Kb— 



E 

E — 40 X /b — o, or 7b *=* — 

40 



Now, put these values for I\ and Ib into the First Law 
equations — 

It — I a — Ib = o 
E E 

or 7 o 

30 40 

and E = 120V (£*) 

substitute, E = 120 

E 

Finally, in I a = — ■ 

30 

then, Ia = 4 amp. 
Likewise, Ib = 3 amp. 

AND HERE'S A TOUGHER ONE 

You connect two storage batteries in parallel to feed a 2-ohm 
lamp bank, as in figure i&A. Battery A has an emf of 6 volts, 
with 0.15 ohm internal resistance. Battery B has an emf of 5 
volts, w r ith 0.05 ohm internal resistance. What's the current 
through the batteries, and the current in the lamp bank ? Ignore 
wire resistance. 




B 



Figure 18. — Kirchhoff problems. 

First — draw a circuit diagram and put on the given informa- 
tion, including the internal resistances of the batteries. Label 
the unknown currents, and put on assumed direction for the 
currents. Here are three of these unknown currents — /t, 
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I a, and /b. But It = I a + /b. So you get rid of one un- 
known, because you know that the current through the lamps is 
(/a+ Ib). 

To simplify the mathematics still further, let A represent I a 
and B represent /b. 

Next — analyze circuit ABCDEFA — 

6 — 0.5 X I a — 2(1 a + /b) = o 

and 2.15 X Ia + 2/b = 6 

Then — analyze circuit GHCDEFG — 

5 — 0.05 X Ib — 2(1 a + /b) — o 

2X/A + 2.05/B = 5 

Now — solve these two equations simultaneously, and you 
get— 

I a = 5.64 amp 

Ib= — 3.06 amp 
What's that minus sign doing in the answer for Ib ? Right ! Ib 
is flowing opposite to the way you picked. 

Finally, since It = /a + Ib 
It = 2.58 amp. 

The fact that Ib is opposite to your selected direction tells 
you that current from battery B is really flowing through bat- 
tery A and not the lamp. Look at figure 18 again. If the 
arrows through battery B are reversed — then battery B is being 
charged. Thus, battery A is furnishing power to both the 
lamp and battery B. Just looking at the diagram, you'd guess 
that both batteries were furnishing power to the lamp. But 
KirchhofFs Laws tell you what is really happening. That is, 
both the lamp and battery B are getting power from battery A. 

HERE IS ANOTHER 

This one is about connecting generators in parallel. It dem- 
onstrates an important principle, so work it carefully. Two 
generators are connected in parallel as illustrated in figure 19. 
The voltages, resistances, and assumed paths of current are as 
indicated. Find the individual currents, the total currents, and 
the direction of current flow. 

Assume first that — 

It = h + h 
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It 



Figure 19. — Kirchhoff's Law applied to two generators in parallel. 



Now trace the circuit ABCDEFA, and apply Kirchhoff's Sec- 
ond Law — 

no — ioX/i — ^(/j + /,) = o 
Combining terms, — 20 X h — 10 X / 2 = — 1 10 
Applying Kirchhoff's Second Law to circuit BCDEB, you get — 

100 — 8 Xl 2 — io(/i + / 2 ) = o 
Combining terms : — 10 X I\ — 18 X ^ 2 = 100 
Then solve these equations simultaneously — 

— 20 X I\ — 10 X I 2 = — 1 10 
— 10 X A — 18 X I 2 = — 100 
You will find — I 2 — — 3.46 amps. 

/, = 7.23 amps. 
It = 377 amps. 
The negative sign ( — ) before the I 2 current indicates that 
the current is flowing backward through the generator, G 2f 
while the total current through the load is less than the current 
carried by G\. 

This little problem shows you what will happen if you try to 
parallel generators, without having their output voltage matched. 
You will hear more about this later. 



ANOTHER PROBLEM 

The problem illustrated in figure 20 is typical of many that 
you may be asked to solve. Find the total resistance of the cir- 
cuit, the total current, and the current through each resistor. 

The first step in solving this problem is to combine the series 
resistors R4, R$, and R6. When you have done this, redraw 
the circuit as in figure 20B. 
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Next combine the series resistors R4, R5 and R6 with the 
parallel resistor R2, and draw the circuit shown in figure 20C. 
Notice that you now have three resistors in series, so that the 
total resistance of the circuit is only 100 ohms. 



240 V(g 




30n 



II R. 
AAAA — V — WW- 

50a 70/1 



B 



■VAV 
R. 



Rj 

■WvV 



60n 



' Rj RjR* 
I20a 



10/1 



40a 



AM/V 

50a 



Figure 20. — A rtiittanc* network. 



Now for the current. The applied E is 240 volts, and the 

240 

total current is — = 2.4 amp. 

100 

Since the resistance of R4, R5, and R6 is parallel to the re- 
sistance of R2, 0.8 amperes will flow through R4, R5, R6 and 
1.8 amperes through R2. But how about Ri and i??? These 
two resistors are in series with the generator and carry the 
full load of 2.4 amperes. 

You will find many more problems like these. The more of 
them you work the easier they become. 
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CHAPTER 3 



MEASUREMENT INSTRUMENTS 
HOW MUCH, WHERE? 

Electricity is an intangible substance. You can't see it, but 
you can see what it does. You can't pick it up and carry it 
away, but you can feel its presence if you get your finger 
tangled into a live circuit. 

Since you can't see directly what is going on within a 
circuit, you must use measuring devices — such as volt- 
meters, ammeters, and watt meters — to tell you what is 
happening to the electricity flowing within the wires. 

You learned a great deal about these meters from your 
training course on BASIC ELECTRICITY. If you're a little 
rusty on the subject, go back to that manual again before going 
on in this chapter. 

Good electricians use instruments the way a good doctor 
uses his stethoscope — to find out what goes on inside the circuit, 
to measure how much electricity goes where. Know your 
instruments, and they'll do most of your work for you. They're 
accurate and quick. 
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AMMETERS 



You remember that one form of D. C. ammeter is a com- 
bination of a galvanometer (figure 21 ) and the correct 
shunt to handle the current to be measured. This type of meter 
will measure d.c. only, since the alterations of a.c. reverse the 
meter torque too fast for the needle to follow. 




Figure 21. — Moving coil, or D'Arsonval, galvanometer. 




Figure 22. — Iron-vane movement. 
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To measure A.C., you use an ammeter having either an 
iron-vane movement or an electrodynamometer mechanism 
(figure 22). In both of these ammeters, current transformers 
carry most of the current to protect the fine wire coils. 

Most of the portable d.c. ammeters with ranges up to 30 
amperes, and the switchboard ammeters with ranges up to 50 
amperes have built-in shunts. You must use external 
shunts when you wish to measure larger currents. 




Figure 23. — Electrodynamometer movement. 

When you use shunts, be sure to use the right one with each 
ammeter. And use only the shunt leads that come with the 
meter, since the leads are part of the shunt circuit. If you use 
other leads or change the length of the leads, you'll foul-up the 
calculation of the instrument. The meter is then less accurate 
because the ratio between shunt and meter resistance is upset. 

Be sure the connections at the ammeter and the shunt are 
tight and clean. Dirty or loose connections add resistance to 
the meter circuit and result in a false reading. 
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INSTRUMENT TRANSFORMERS 



Ammeters and voltmeters for a. c. are usually coupled to 
the line by a transformer. This protects both the operator and 
the instrument from high a.c. voltages. Also, by using trans- 
formers, ordinary 0-5 amp. ammeters and 0-150V voltmeters 
can be used to measure most higher a.c. values. 

Potential transformers have step-down windings and are 
used to measure voltage. The primary is connected across the 
line, and the secondary is connected across the voltmeter ter- 
minals. 

Current transformers have step-up windings. The pri- 
mary of the transformer has very few windings, and is con- 
nected into the line. Since this is a step-up transformer, the 
current flowing in the secondary is lower than the primary 
current. Therefore, an ammeter with a lower range can be 
used to measure indirectly the current flowing in the primary. 

All this is fine as far as the meter is concerned, but it makes 
the meter circuit extremely dangerous when it is opened. The 
transformer is designed for practically short-circuited opera- 
tion — with the secondary flux cancelling the primary flux. If 
the secondary is opened (by removing the ammeter), this can- 
cellation disappears. And the secondary acts like an ordinary 
step-up. 

It produces a dangerously high voltage across its terminals. 
Operators are guarded against this high voltage by grounding 
and short-circuiting switches in the meter circuit, never re- 
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Figure 24. — Instrument transformer connections. 
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MOVE AN AMMETER FROM THE SECONDARY OF A CURRENT 
TRANSFORMER UNLESS THE SECONDARY IS SHORTED THROUGH 
A SHORTING JUMPER AND THROUGH A GROUND. 

Figure 24 shows the connection of a current transformer and 
its meter. 

Suppose the current through the power line is 1,000 amp. 
Then you'd select a current transformer with a step-up ratio 
of 1 :200. You might have two turns on the primary and 400 
on the secondary. Then your meter would get 1 /200th of 1,000, 
or five amperes, in its circuit. 




Figure 25.— Instrument transformer connections. 



In figure 25, let's say that the voltage across the power lines 
is 2,200 volts, and your instrument transformer has a ratio of 
1 :20. Then the meter would have i/20th of 2,200, or no volts, 
across the terminals. 

Meters using instrument transformers are usually found in 
switchboards, and are calibrated to read either the line voltage 
or current, whichever the case may be. You won't have to 
worry about the transformer ratio except in the case of repair 
or replacement. But remember these three things about instru- 
ment transformers — 

Always ground one side of the secondary to protect the 
instrument, and to safeguard yourself against injury in case 
the insulation between primary and secondary breaks down. 
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Never open the secondary of a current transformer while 
the primary is loaded. You will get a tremendous voltage 
across the terminals. Keep the secondary shorted when it's not 
connected to a current coil. 

Never short the secondary of a voltage transformer. Close 
the secondary only through a high resistance, such as a volt- 
meter. And be sure the secondary is open when the primary is 
energized. 

AMMETER PRECAUTIONS— READ CAREFULLY 

You always connect an ammeter, or a current transformer 
primary, in series with the line carrying the current. That 
is really important. Never connect current-measuring in- 
struments across the line or between any two points where 
there is a potential difference of more than a few milli-volts. The 
resistances of meter coils, shunts, and transformer coils are 
purposely made low to avoid a large voltage drop when you 
connect them in series in the line. 

It's up to you to be sure that the meter you choose has a 
range greater than the maximum line current. Don't guess! 
Be sure ! Meters cost more, than fine watches. 

VOLTMETERS 

Voltmeters are basically the same as ammeters, such as the 
ammeter of figure 21, except that a great amount of resistance 
is added in series with the voltmeter movement. 

You can even use an ammeter as a volt meter by being 
careful to add enough resistance in series. But don t try this 
without proper supervision. Added resistance reduces the 
current through the meter coil. For example, you have an 
ammeter that gives full-scale deflection with o.oi ampere in 
the moving coil. The coil resistance is 20 ohms. If you want 
to use this meter to measure voltage across a line carrying a 
maximum of 220 volts, here's how. Find out how much resist- 
ance is needed to protect the meter — that is, how much resist- 
ance is needed to keep the current down to 0.0 1 ampere — by 
using Ohm's Law — 



32 



E 220 

R = — = =22,000 ohms. 

/ 0.01 

But since you already have 20 ohms resistance in the meter, 
you simply add 21,980 ohms resistance in series with the meter 
movement. The correct connection is shown in figure 26. 




» ■ 1 

Figure 26. — Using an immiHr as « voltmeter. 



Voltmeters for a.c. usually use the iron-vane mechanism. 
For high-precision voltage measurements on either a.c. or d.c, 
you use a voltmeter with an electrodynamometer movement. 

Be careful to connect the voltmeter in series with its added 
resistance, and if a voltage transformer is used connect it 
across the two points whose potential difference you want to 
measure. 

If you're using a multi-range voltmeter, first be sure that 
the meter has a higher range than the voltage to be measured. 
Start with the highest range on the meter and work down to 
a range that gives a deflection on the upper half of the meter 
scale. 

MULTIPLIERS 

By doubling its resistance with multipliers, a voltmeter will 
read twice the range. You can also use multipliers to get even 
larger increases in range. For example, you can make a 150- 
voltmeter read voltages up to 600 volts by connecting an ex- 
tpptmat peristop in series with the meter. This resistor, called 
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a multiplier, must have three times as much resistance as the 
meter, in this case. Then the scale reading will be multiplied by 4. 

In contrast to ammeter shunts, multipliers have high re- 
sistances. 



WATTMETERS 

Most wattmeters have an elect rodynamometer movement 
(figure 23) and are calibrated to indicate true power. You 
see the circuit diagram and connections for a wattmeter in 
figure 27. 
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Figure 27. — Wattmeter connections. 

POLYPHASE WATTMETERS 

In polyphase circuits the power can be measured by using a 
separate wattmeter for each phase. This is the most accurate 
method, but it's not the most practical. It's easier to use a 
wattmeter built to measure the combined power of the poly- 
phase circuit. This meter has two sets of stationary current 
coils mounted on the frame, and two movable coils mounted on 
a single shaft. There is no electrical connection between the 
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Figure 28. — Polyphase wattmeter. 

phase circuits. The torque on the shaft is the sum of the in- 
dividual torques produced by each of the movable coils. 

Figure 28 shows a three-phase wattmeter connected to a 
three-phase line. Notice that there are eight connections to the 
power lines. In this particular meter some of the leads are 
combined so that fewer jumpers are led out. However, if you 
count the meter terminals, you'll find that eight separate con- 
nections are made. 

Sounds pretty complicated, doesn't it? Well, it is, and for 
this reason all polyphase wattmeters have a connection diagram 
on their name plate. Use this diagram for properly connecting 
any particular polyphase wattmeter. 

WATTMETER PRECAUTIONS 

When you use a w r attmeter, take all the precautions already 
mentioned for ammeters and voltmeters. In addition. Make 
sure that neither the current nor the voltage exceeds the watt- 
meter capacity. Test the circuit with a voltmeter and an am- 
m^flr T>T?irrn>ir unn ^nnect the wattmeter. The pointer deflec- 
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tion of a wattmeter does not assure you that the instrument 
is not overloaded — because the pointer indicates only true 
power. And, if either E or / is low, P will still be low enough 
to keep the wattmeter pointer below full-scale deflection. To all 
appearances the meter is not over-loaded. But, suppose E is 
very low and / is very high. This results in low power indi- 
cation, P, but in the meantime the high current is cooking the 
stationary coils — and you get no warning from an off- 
scale deflection. The same kind of damage would be done 
to the movable coil if you were dealing with a high E and a 
low /. Test the circuit with a voltmeter and an ammeter 
before connecting the wattmeter. 

Normally, you won't need to use a wattmeter to determine 
the power in a d.c. circuit. You can easily calculate the power 
by measuring the voltage and current — 

WATT-HOUR METERS 

You're familiar with this meter which measures electrical 
work (or electrical energy) — the product of power and time. 
You are going to run into an increasing number of watt-hour 
meters aboard ship, so you will need to know what they are. 
Watt-hour meters, whether for a.c. or d.c, are tiny electric 
motors that run at a speed proportional to the amount of power 
through the meter. Therefore, power, in watt-hours, is pro- 
portional to the rpm of the motor. 

The D.C. watt-hour meter can be of either the commu- 
tator type or the mercury-pool type. The current is delivered 
to the armature of the motor either by a commutator or through 
a pool of mercury. 

The A.C. watt-hour meter, which is the one you'll use 
most frequently ashore, uses a tiny induction motor. This is an 
aluminum disk rotating between the poles of two magnets, one 
with a voltage winding, the other with a current winding. These 
two windings cause a shifting flux which applies a total torque 
on the disk in proportion to the true power in the circuit. 
To Drevent the disk running away as a motor, a damping mag- 
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net reduces the rpm and makes the speed proportional to the 
line power. Thus, the speed is a measure of true power, and 
the number of revolutions is a measure of T (time). A set of 
indicator dials geared to the disk records the total kilowatt- 
hours of power passed through the meter circuit. 

A.C. CIRCUIT FACTORS 

Now you come to three instruments that can give you the 
characteristics of the A.C. in a given circuit. The instruments 
are the power factor meter, the synchroscope, and the ex- 
citation indicator. Each does what its name says. However, 
a description of how they work will have to wait until you 
know more about a.c. and phase angle, and other principles to 
be covered in the chapter on a.c. You'll learn more about these 
meters in chapter 18. 

METER CARE AND ADJUSTMENT 

Except for adjusting the movement so that the needle reads 
zero when no current, voltage, or resistance is on the meter, 
keep your hands out of the instruments. Electrical in- 
struments are fine precision devices, finer than most watches. 
When an instrument goes bad, send it to the man who knows — 
the instrument repairman. He's trained for the job, and he has 
the necessary special tools. 

You can and should set the needle at zero when the instru- 
ment is idle. This insures an accurate reading when you ener- 
gize the instrument. But you don't have to open up the instru- 
ment to adjust the needle. The screw on the front of the meter 
directly above the pivot point lets you adjust the setting without 
wrecking the instrument. 

Here are factors that can upset the accuracy of a d.c. meter — 
Temperature. 
Vibration. 

Stray magnetic fields at the instrument. 

Exposure to intense magnetic fields which may damage the 

permanent magnet. 
Moisture, dirt, and corrosion. 
Overloads. 
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Poor mechanical balance of the moving coil. 

Bent pointer, or warped or shifted scale. 

Electrostatic charges built up on the glass scale cover by 

wiping with dry cloth. Use what you have learned about 

the correct method of polishing a meter. 
And here are some factors, in addition to the ones just listed, 
which may affect a.c. meters — 

Voltage and frequency variations. 
Variation in power factor. 
Abnormal wave shapes. 

Variations in instrument transformer characteristics. 

The Navy supplies you with first-class instruments built to 
stand pretty strenuous service. But don't mistreat or abuse 
these instruments. Give them the best of care, and they'll give 
you the best of service. When you connect a portable meter, 
never leave long drapes of wire trailing out over the work bench 
or the deck. And never hammer or bang on a bench on which 
a meter is lying. The vibration is bad for the works, jewels, and 
indicator. Insulate switchboard and panel instruments with 
pads and bumpers if. any severe vibration is present in the 
panel. Protect instruments from extremes of heat or cold. And — 

Keep your fingers out of the works! Let the instrument 
repairman do the overhauling. 



38 



CHAPTER 4 



GENERATORS— ARMATURE WINDINGS 
FIRST, A SHORT REVIEW 

As an EM you should know quite a bit about generators. 
At least, you should know these things — what a generator is, 
what it's main parts are, and the ways of connecting a generator. 

First — generators are machines which convert mechanical 
energy into electrical energy. 

Next — the two essential parts of a generator are the arma- 
ture and the field. The armature is the rotating part. It 
carries the conductors which cut the magnetic field. The gen- 
erator voltage is induced in the armature conductors. This in- 
duced voltage is delivered to the load circuit by a commutator and 
brush system. The commutator-brush system does two things — 
it furnishes a slipping connection between the rotating arma- 
ture and the stationary load ; and it rectifies the induced a.c. of 
the armature coils, delivering d.c. to the load circuit. The 
field furnishes the flux to be cut by the armature. It consists 
of two, four, six or any other multiple of two pole pieces 
wound with electromagnetic windings. 

And — there are five ways of connecting generators, shown 
in figure 29 — 
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The shunt connection — the armature and field are in 
parallel. This is the generator with the drooping voltage 
curve, figure 29 (1). 

The series connection — the armature and field are in series. 
This is the generator with the rising voltage curve, figure 
29 (2). 

The cumulative compound connection — the armature is 
connected to two field windings, one in series and one in 
parallel, figure 29 (3). The windings carry current in the 
same direction and thus help each other produce the flux 
field. This generator can have a rising, a drooping, or a 
level-voltage curve. 

The differential compound connection — the armature 
is connected to two field windings, one in series and one in 
parallel. But the two windings carry current in opposite di- 
rections, figure 29 (4). They oppose each other and produce 
a weaker field. This is the generator with a full drooping 
voltage curve. 

The separately-excited connection — the armature has no 
connection with its own field, figure 29 (5). This generator 
may have any kind of a voltage curve depending on the 
field adjustment. 



ARMATURE WINDINGS 

The armatures of generators are wound in two different 
ways — lap winding and wave winding. When you know 
these two types of windings, you'll have armatures licked. But 
before going on with these types of winding, get squared away 
on two general features of armatures — drum winding and coil 
span. 



DRUM WINDING 

All commercial armatures, both lap and wave-wound, use a 
drum winding. For this winding you need a core of iron 
shaped like a drum (figure 30). This is the first step in build- 
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Figure 29.— Generator connections. 

ing up an armature. Notice that the slots are all ready to re- 
ceive the windings. The core is laminated to cut down eddy 
currents and the commutator is ready for the coil connections. 




Figurt 30. — Drum coro. 



COIL SPAN 

But before you put any complete windings on this core, look 
at figure 31. It's a 32-slot core laid out flat to show the con- 
nections. And for each different field, one coil is set in its 
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EQUALIZER RINGS 




WAVE WINDING 
Figure 31. — Armatur© coil spacing. 

correct position. In the lap winding, the coil sides are in slots 
6 and 17. In the wave winding, the coil sides are in slots 5 and 
10. What's the connection between the poles and the slots 
holding the coil? Just this — the coil sides in each case are 
separated from each other by about the same distance that 
separates the centers of the field poles. Whenever these two 
distances are equal, as in the wave winding (5 to 10 and 7 
to 12) , the coil span is full pole pitch. Whenever the coil 
sides are separated by a fraction of the distance- between field 
poles, (6 to 17 and 10 to 22 in the lap winding), the coil span is 

FRACTIONAL PITCH. 

The principle of pitch windings is important. It means that 
all coil sides, in any winding, are separated by about the same 
distance that separates the field poles. 
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Now glance back at figure 31 and you'll see why windings 
have approximately full pole pitch. Notice in all the drawings 
that whenever one coil side is under the middle of a north pole — 
the other side is under the middle of a south pole. Both sides 
of the coil are cutting maximum flux at the same instant. And 
when one side is in the neutral plane so is the other side. When 
one side is not cutting flux, neither is the other. In any position 
of the rotating armature, both coil sides get the same treat- 
ment from the field flux. 

Xow, when both sides are under the middle of their poles, 
their induced voltage is high. And it adds ! Use your generator 
hand rule to prove that the induced voltage is additive. You'll 
find that you go right around the coil with the voltage arrows. 
And when both sides are in the neutral plane, their induced 
voltage is zero. 

Here is the whole story — when the coil pitch is about full 
(9/ioths is O. K.), the induced voltages will add from side 
to side, and the whole coil's voltage will go to zero when both 
sides are in the neutral plane. 

In both lap and wave winding, coil span is about full pitch. 

LAP WINDING 

The coils for a modern armature are form wound. That is, 
the wire or copper bars are shaped over a wooden form or 
bent in a press to fit their armature core. Figure 32 shows 
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Figure 32.— Formed armature coils. 
43 



four different form wound coils. It shows that each coil may 
be made up of one, two, or more separate conductors. But 
regardless of how many conductors make up the coil, they're 
all wrapped together in a common insulator sheath. And each 
coil has only two leads for connecting to the commutator. 

In making form wound coils, the two coil sides are exactly 
as far apart as the coil span. Also, the back of the coil is long 
enough to reach between the two slots in the core which hold 
the sides. And the leads are long enough to run from the slots 
to the commutator risers. You'll notice every one of these 
points in the coils of figure 32. 

Now you have the principles of any armature winding — coils 
set on the core at just about full pole pitch — one, two, or more, 
conductors bound together to make up a coil — all conductors 
of one coil connected so that only two leads are led out for 
commutator connection. 

Now, go on with the lap winding — 

The lap winding gets its name from the appearance of its 
winding diagram. You'll see that the coils seem to "lap-over" 
each other as they're placed on the core. Figure 33 shows the 




Figure 33. — Two coils of a four polo lap winding. 

beginning of the simplest lap winding. See how the white coil 
laps over the black, and how each coil span is nearly full pole 
pitch. No matter how complicated the winding gets — you can 
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Figure 34. — Simplex lap winding. 

be sure that this lapping continues all the way around the 
armature. Figure 34 shows a section of the completely wound 
armature of figure 33. 

Figure 35 is a drawing of a four pole lap winding. There 
are three things you should get out of this drawing — 

First — there are two coil sides in each slot These are 
numbered with the odd numbers on top and the even numbers 
on the bottom. Coil sides numbered like this are called wind- 
ing elements. Trace from 1 to 10 — this is one coil. It has 




Figure 35. — Pour pole lap winding. 
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one side (i) in the top of the slot and the other side (10) in 
the bottom of the slot. This top to bottom arrangement 

HOLDS TRUE FOR ALL WINDINGS. 

Second — the distance between the back ends of the winding 
elements (coil sides) is called the back pitch (F b ). It is 
measured in the number of winding elements spanned at the 
back. The back pitch of this winding is 9 (Y b = 9) — from 1 
to 10 is 9. A back pitch of 9 sitnply means that 9 winding ele- 
ments are between the two coil sides. Notice that back pitch 
is determined by coil span. But coil span is measured in terms of 
pole pitch (the distance in slots between field poles). And 
back pitch is measured in terms of the number of winding ele- 
ments between the two coil sides. If Y b = 13., then the two 
coil sides would be the winding elements numbered 1 and 14, or 
3 and 1 6, or 11 and 24, or any two elements that are 13 numbers 
apart. 

Third — the distance between the front ends of the winding 
elements is called front pitch (K f ). In figure 35, the front 
pitch is 7 (Y t = 7). Yes 7! Here's how you get it — elements 
10 and 3 are both connected to the commutator segment 
marked X. Therefore 3 and 10 are connected together. The 
distance between the coil sides is the front pitch, and from 10 
to 3 there are 7 winding elements spanned. 

You're probably saying, "Sure, but 10 and 1 are connected 
also." That's right, they are. But you get the power off the 
commutator. If 10 and 3 weren't connected together at the 
segment your power would just circulate around and around 
the coil and never be delivered to the brush. So you are princi- 
pally concerned with the coil's connection at the commutator. 
This is given by the F f . 

CONNECTIONS 

W hy are you running a generator? To get as much voltage as 
possible out of it — right ? You know how to make the voltages 
of a number of coils add. Connect them in series/ And in 
order to do that, your F b and Y t must be different. Look at 
figure 35. Here's the complete winding diagram for the two 
sections you've already seen in figures 33 and 34. Pretty com- 
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plicated isn't it? Well, it won't be if you go through it piece 
by piece. It's just an armature split down one side and laid out 
flat. If you took the page and curled it up into a cylinder, 
you'd have the armature again. 

Looking at the front and back pitches first. They're different 
and that makes the elements a series connection. The elements, 
by being in series, produce adding voltages. You can prove 
this by tracing the current through each successive element. 

Let's assume that a N field pole induces an emf toward the 
bottom of the page. Then an 5* pole will induce emf toward the 
top. Starting at element 5 (it's best to start here because 5 is 
in the middle of the pole), emf is induced down. Current is 
forced into commutator segment 5. And right out again to ele- 
ment 12 (K f = 7). Element 12 is under a S pole, so induced 
emf is up. Notice that emf's of 5 and 12 add. Current is 
forced from 12 to 3 (Y b = g) — where it picks up more emf. 
Element 3 is connected to segment 4, so current, backed by the 
added emf's of elements 5, 12, and 3 is forced into this seg- 
ment. At this point current can go two ways — either up to 
element 10 (Y t = j) or out on the brush. Which? Out on 
the brush, because element 10 is moving under the A r pole and 
also gives 10 an induced emf down. The two emf's (elements 
3 and 10 — both down) force the current into the segment and 
then into the brush. You've got power off the armature and 
into the load circuit. And that power has a total voltage equal 
to the sum of the induced emf's of a number of elements. 

Trace the return circuit from the load. Start at the positive 
brush nearest the left hand side. Current flows into segment 
8. From segment 8 to element 18, to element 9 (Y h = 9), to 
16 ( Y f <= 7) via segment 7, and so on. You can trace it through. 
You'll find that the current finally is delivered to the brush at 
segment 4. And this current has been through elements 18, 9, 
16, 7, 14, 5, 12, and 3 before being delivered to the brush. In 
short it has picked up voltage in every one of these ele- 
ments EIGHT OF THEM BEFORE BEING DELIVERED TO THE 

BRUSH. 

There are similar paths between any positive and negative 
brush. And this will tell you how many paths — each segment 
has two elements connected. Therefore, from brush, to seg- 
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ment, to elements, there are two paths for current per brush. 
With two positive brushes, current is coming into the windings 
via four paths — With two negative brushes, current is 
leaving the windings via four paths. It's a four parallel cir- 
cuit. Which means that any given element carries only one- 
quarter of the total load current. This is a good thing to re- 
member. For heavy current loads, use a lap winding. Each 
conductor carries less current because a lap winding has many 
paths through the armature. In fact, a simplex lap winding has 
as many paths as the field has poles. 

SUMMARY OF LAP WINDING 

For a lap winding to be "right" it must have — 

First — the coil span must approach or be equal to the pole 
pitch. This insures opposite sides of the coils being under 
opposite poles, which is necessary so that voltages will add. 
It's better to have the span a little less than full pitch (frac- 
tional pitch). Fractional pitch provides better commutation 
with less arcing. 

Second — the winding connections (between the elements — at 
the back and at the commutator) must include each element 
once and only once. This insures a balanced voltage in all 
the paths. A balanced voltage is provided by always making the 
Y t and Y h odd numbers. Odd-numbered pitches mean con- 
necting top elements to bottom elements. 

Third — the winding must be reentrants, or closed on itself. 
That is, the winding must be a complete circuit within the 
armature. This condition is obtained by making the Y b and Y t 
different. The standard difference is 2. It might be 4 or 6 
but it must be small and it must be even. 

DESIGNING A LAP WINDING 

You're not going to be an engineer or a designer of electrical 
machinery. But, you may have to rewind a burned-out arma- 
ture. And it's a swell feeling to have it all back together and 
running without overheating and without sparking. 

Here's a job for you. A four-pole generator armature must 
be rewound. It has 18 slots and is to have a two-layer simplex 
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lap winding. How many elements? That's simple — 36. Be- 
cause two elements (from Two-layer) multiplied by 18 slots 
equals 36 elements. The coil span is 18 slots divided by 4 
poles. No, not 4^2. Ever see a coil side in an armature halfway 
between two slots ? The coil span would be 4 slots, which makes 
it a fractional pitch winding. The back pitch should be as close 
to 36 (elements) divided by 4 (poles) as possible (and still be 
odd). 36-^-4 equals 9. Y b = g (perfect). The front pitch 
must be different from the F b by 2. Make Y t = 7. Now make 
up a winding table. Start at element 1. Below is the winding 
table completed for you. 

1-10 — 3-12 — 5-14 — 7-16 — 9- 1 8- 1 1 -20- 1 3- 
22-1 5-24- 1 7-26- 1 9-28-21 -30-23-32-25- 
34-27-3 6 " 2 9~ 2 "3 1 4~33 6~3 5 8 1 — 
It shows every connection necessary on the armature. Take 

25 

element 25 — it's in the 13th slot ( — = 12J/2) ; it's connected in 

2 

the back to element 34 (slot 17) because F b = 9; and it's con- 
nected in the front through the commutator segment to ele- 
ment 32 (slot 16) because Y t = 7. Follow the connections for 
any element. You can find its slot and both its front and back 
connection. Would you like to see the completed winding dia- 
gram? Go back to figure 35. It's the same armature you've 
been studying. 

One thing has been omitted. That's the commutator pitch, Y Q . 
In a simplex lap winding, Y c is always equal to 1. That means 
that each successive front connection is made through adjacent 
segments. Distance (or pitch) is one. You'll see later that 
duplex and triplex windings change Y c . 



WAVE WINDINGS 

Wave windings are fairly easy, if you've got lap winding 
down pat. In fact, the wave winding uses exactly the same 
principles as the lap winding. The only difference between lap 
and wave windings is the method used to connect the winding 
elements. 



49 



Compare the two drawings in figure 36. A is a lap winding 
and B is a wave winding. Notice that the coil side ab cor- 
responds in the two drawings. In both cases ab is connected to 
the coil side cd, which is under the next pole. In the lap wind- 
ing, c is connected back to ef, which is under the same pole as 
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Figure 36. — Lap and wave windings. 



ab. But in the wave winding, c is connected forward to ef, 
which is under a pole two poles away from ab. 

This is the essential difference. In lap windings the connec- 
tions are made backward — lapping over each time. In wave 
winding the connections are made forward, so that the wind- 
ing passes under every field pole before it returns to the first 
pole. Notice that Y b and Y f mean the same thing in both wind- 
ings. Also, that the coil span is about full pole pitch in both 
windings. 

The worst thing that can happen to a wave winding is to 
have it close on itself after one passage around the armature. 

50 



This means that, in figure 36, the winding would reconnect to 
ab after passing under every pole. The result would be a 
voltage produced by only one winding — four winding elements. 

In wave winding, F b and Y t must be odd. Then the top- 
bottom arrangement of coils is assured. But Y b and Y t do not 
have to be different. They can be the same or different, but the 
average pitch, F, must be watched. Y must never be equal to 
the total number of elements (Z) divided by the number of 
poles (P). 

Here's what would happen if Y was exactly equal to Z di- 
vided by P. Imagine a 16-slot armature with a two-layer wave 
winding. If Z is divided by P, 32 -7-4, the Y is 8. And the 
winding table for the first five elements is 1 - 9 - 17 - 25 - 33 
(or 1). See what happens? You pile right up in the same slot 
you started from. This winding closes on itself after one 
passage. Instead, use this formula to find average pitch — 

F = Z + 2 = 32 + 2 

P V 

Now the average pitch is 7V1 or 8'A Adding 7V1 and 8/2, you 
get 16. Since Y h and Y t must be whole numbers and odd, either 
9 and 7 or 7 and 9 would be good values of Y b and Y t . Of 
course the total of Y b and Y t divided by two must equal the 
average pitch, Y. 

Figure 37 shows a 17-slot armature wound as a four-pole, 
two-layer simplex wave winding. Start at element 1 and trace 
a complete circuit around the armature. The winding table 
starts out — 

K b = 9 

V< = 7 
1-10-17-26-33-8^15 

Notice that your Y h and F f tell you where to place the coils 
and where to connect them. 

The heavy circuit in figure 37 shows one path between the 
positive and negative brushes. The light circuit shows the 
other path. And there are only two paths in a simplex wave 
winding regardless of the number of poles. This means that 
each element carries one-half the total load current and the 
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current must pass through one-half the elements between 
brushes. This gives you a higher voltage than the lap winding, 
but a lower current carrying capacity. 

In the lap winding one brush was needed for every path. But 
in the wave winding, you can get along with only two brushes. 




Figure 37. — Simplex wave winding. 

The number of poles doesn't make any difference in a wave 
winding. Two brushes will do the job because there are only 
two paths. You can check this in figure 37. Imagine that the 
two lower brushes are gone. You can still trace from the 
positive to the negative brushes through the armature. And 
you'll pass through every element. This proves that no 
voltage would be lost by removing two brushes, but for any 
given load the remaining two brushes would have to carry twice 
as much current. For example, say that the armature of figure 
37 has a 20 ampere load at 220 volts. Each set of two brushes 
is carrying 10 amperes at 220 volts. But, if you remove one 
set of brushes, the remaining set must carry 20 amperes at 
220 volts. This would do no damage, if the brushes were 
large enough. But in this particular armature, designed for 
four brushes, 20 amperes would overload the brushes. Arcing 
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(sparking) would result and the commutator would be pitted 
and burned. 

In a wave winding, the number of commutator segments 
must be equal to the number of elements divided by 2. How to 
get the commutator pitch (Y c ) ? Divide the number of segments 
by the number of pairs of poles. In figure 37 this would be 
17-^-2, or 8> J / 2 . Obviously, Y c cannot be a fraction, so the 
nearest whole number becomes Y c . In this case Y c = 8. Re- 
member trying to wind a 16-slot, 32-element, armature a few 
pages back ? In that armature the Y c would have been an even 
8, by dividing 16 by 2. This gives you a rule — anytime the 
number of segments divided by the number of poles gives you 
whole number for F c , or, anytime the average pitch is a whole 
number, the armature cannot be wound as a wave winding. 
You need an armature with an odd number of slots and 
segments for wave winding. 

DUMMIES 

Well, what would you do if you had to wave wind an arma- 
ture with an even number of slots? You make it uneven by 
putting in a dummy coil. Figure 38 shows a dummy coil set in 
a wave winding. All a dummy coil does is take up space (like 
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COIL— 
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COMMUTATOR 

Figure 38. — Dummy coil. 

other dummies) — its two leads are taped and insulated from 
the other windings. The only reason for a dummy coil is to 
balance the armature. If you left the two elements of the dummy 
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coil out of their slots, those slots would be lighter in weight. 
And the armature would vibrate because of the unequal distri- 
bution of weight. 

By eliminating the two elements of the dummy coil in your 
connections, you make the winding "creep." That is, it does 
not close on itself after one passage around the armature. In- 
stead it creeps two elements beyond the starting point for each 
complete passage around the armature. This is called a forced. 
winding. 



What is the difference between a 10 k.w.-ii5 volt generator 
and a 50 k.w.-U5 volt generator? All right — one is bigger 
than the other! But how do they differ inside? How are their 
windings different? 

Let's settle the "1 15 volt" part first. In order to produce 115 
volts, there must be a certain number of conductors cutting 
flux and connected in series between sets of brushes. Say that 
this number is 90 conductors. In a 4-pole, ift-slot, 36-element, 
simplex lap job, there are 9 elements in each path between 
brushes. That means that there must be 10 conductors in each 
element ( 90 9 = 10). That's the only way to get 90 conduc- 
tors on the armature betw r een sets of brushes. In a 4-pole, 17- 
slot, 34-element, simplex wave job there are 17 elements be- 
tween brushes. Remember — only two paths in a wave winding. 
This means that each element must contain 90 -r- 17, or 5 or 6 
conductors. You can see that the voltage produced in any 
generator is determined by the number of conductors per 
element. Or say the number of turns per coil. The size of 
the generator ( 10 k.w. or 50 k.w.) has nothing to do with 
the number of turns per coil. Only the voltage is connected 
with turns per coil. That settles the "115 volt" part. 

Now for the k.w. ratings — 10 k.w. and 50 k. w. The k.w. 
rating tells you how much current the generator can deliver at 
the rated voltage. The 10 k.w. job can deliver — 

P 10,000 
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= 87 amp. 
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and the 50 k.w. job can deliver — 

P 50,000 

/ — — — = 435 amp. 

E 115 

In short, the 50 k.w. job delivers 5 times as much current as 
the 10 k.w. job. And you know what that means — larger con- 
ductors Or MORE CONDUCTORS IN PARALLEL, If LARGER CON- 
DUCTORS are used, it's simple. Windings are connected the same 
in both jobs. The only difference is in the size of the current 
carrying parts — coil conductors, leads, commutator segments, 
brushes, and pigtails — they are all about 5 times larger in the 
50 k.w. job. 

But if more conductors in parallel are used — it's not so simple. 
More conductors in parallel are put on the armature by adding 
one, two, or more parallel windings. If just one winding is 
used (the kind you've learned about so far), the winding is 




Figure 39.— Duplei-double reentrant, one winding only. 



simplex. If two windings are used it s called duplex. If three 
windings are used it's called triplex. And so on, with the 
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general term multiplex applied to all windings other than 
simplex. 

Let's take the duplex lap first (figure 39). It's a 4-pole, 36- 
slot, 72-element, duplex lap job — but only one winding is shown. 
K b = 17 and Y f = 13. Follow this one winding through. You'll 
notice that making a difference of 4 between Y h and Y t leaves 
every other slot empty. These empty slots will receive the sec- 
ond winding. Likewise, every other commutator segment is 
skipped. This leaves room to connect the second winding to 
the commutator. Y c in a duplex lap winding is always 2. 

Just like a simplex job, the winding is reentrant. Follow it 
around the whole armature, and notice that element 14 is con- 
nected to element 1 — thus closing the winding on itself. This 
first winding of a duplex job is exactly like an 18-slot, 36- 
element simplex winding. If it were put in a generator, it 
would work fine, except that the current carrying capacity 
would be limited by the size of the conductors in the one 
winding. 

Now, to make it a duplex, just set in another simplex wind- 
ing in the empty slots. Y*, Y u and Y c are exactly the same as 
the first winding. The two windings are entirely separate — 
they're insulated from each other. 

This is called a double reentrant duplex winding. "Dou- 
ble reentrant/' because both windings close on themselves. And 
"duplex," because the windings form two parallel paths around 
the armature. 

Triplex or quadruple windings merely have three or 
four separate windings on the armature. You can always spot 
the complexity of a winding by the commutator pitch. In sim- 
plex, Y c <= 1 ; in duplex, Y c = 2 ; in triplex, Y c = 3 ; and so on. 

It's about time for "Where were we?" on the difference be- 
tween a 10 k.w. and a 50 k.w. generator. Look at figure 40 — it 
compares the current paths for the 50 k.w. job wound as a 
simplex, duplex, or triplex armature. In the simplex winding, 
the whole 435 amperes comes from one winding through one 
segment. In the duplex winding, half the 435 amperes comes 
from each winding. And in the triplex winding, only one third 
the 435 amperes comes from each winding. Which one is best? 
The triplex — because the load is distributed over three windings. 
And that makes for smaller wire and less heat. 
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Figure 40.— Winding loads in simplni, duplex, and tripUi windings. 
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Notice in figure 40 how the brushes change size. In the 
simplex, the brush is the width of one segment and contacts 
two segments. In the duplex, the brush picks up current from 
two segments (two windings), so it must span two segments. 
And in the triplex, three windings are furnishing current, so 
the brush must span three segments. That's another easy way 
to spot a simplex, duplex, or triplex winding — by the width of 
the brushes. 

You may run into a duplex winding that is single reentrant 
instead of double reentrant. This happens when there is an 
odd number of slots. The first winding cannot close on itself 
the first time around the armature. The last element falls in the 
slot next to where it began. It has to go around again before 
closing. But in going around again, the first winding fills in the 
second winding's slots. In fact it becomes the second wind- 
ing. At the finish of the second trip around the armature, it will 
connect to the first element thus closing the winding. Since 
this winding is closed only once it is called a single reentrant 

DUPLEX WINDING. 

And wave windings, too? Absolutely — they can be simplex, 
duplex, or triplex just like the lap jobs. It's the same process. 
For a duplex wave, you simply put on the first winding, ad- 
justing your Y h and Y t to leave every other slot open. Then 
the second winding fills in these open slots. 

You remember that a simplex lap winding had as many paths 
as poles. And the simplex wave had only two paths regardless 
of the number of poles. Now, making either one duplex dou- 
bles the number of paths. And making either one triplex 

TRIPLES THE NUMBER OF PATHS. 

CONFUSION OR GOOD SENSE? 

What's the sense to all these different windings? It is not 
just to confuse you. Each winding has a good purpose, and 
here are three principles which determine winding design — 
One — series connections. W indings in series — by wave 
or by many turns per coil — give you a high voltage but gen- 
erally a lower current capacity. 

Two — parallel connections. Windings in parallel — by 
lap, by many poles in lap, or by duplex or triplex in both 
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wave and lap — give you many paths on the armature. This 
means a higher current capacity, but a lower voltage. 

Three — load requirements. Load requirements — high 
voltage or heavy current — vary from load to load. The gen- 
erator supplying the load is built to deliver high voltage or 
heavy current — whichever is required. 
Let's take a generator and fit it for six different jobs by just 
changing the winding connections. It delivers 120 am- 
peres at 300 volts in its original connections as a 6-pole, simplex 
lap. The accompanying table shows what you can do by merely 
changing the winding connections. 



Connections 


Paths 


Volts 


Amperes 


Power (k.w.) 




6 


300 


120 


95 




12 


160 


240 


86 




18 


100 


860 


86 




8 


900 


40 


85 




4 


450 


00 


85 




' 6 


800 


120 


35 



Pretty good, eh? Six different values of current and voltage 
simply by changing the design. In the table two things stand 
out — 

Every time you increase the number of paths, the current 
increases and the voltage decreases. And the increase or 
decrease is exactly in proportion to the change in paths. 

The power is constant — because the current increases and 
the voltage decreases by exactly the same ratio. 

To go back to the 10 k.w. and 50 k.w. generators. If the 
10 k.w. machine is simplex wave wound, how could you design 
the 50 k.w. job so that it would use the same size wire? 

The voltages are the same, and the current ratio is 5 to 1. So 
the first job is to put 5 times as many paths in the 50 k.w. 
generator. Looking at the table on this page, you find that no 
combination gives you a 5 to 1 ratio. But it would be O.K. to 
use 6 to I — this would give you a little more current than the 
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rating indicates. You'd select the duplex lap winding (12:2 — 
6:1). But this is not the whole job— because when you increase 
the number of paths by six times, you cut to one-sixth the 
number of conductors in series. You have the carrying capacity 
for 435 amperes all right, but the voltage is cut down to one- 
sixth of 115 volts. The only way to get this voltage back up to 
115 volts is to increase the number of slots by six times. And 
put six times as many conductors in every path. Increase the 
size of the machine? Sure — but you expect that when you go 
from a 10 k.w. to a 50 k.w. generator. 
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CHAPTER 5 

GENERATOR— COMMUTATION 

THE ESSENTIALS 

So far you've been given a good picture of the two essential 
parts of a generator — the armature and the field, and from 
your 3c work, you know the relationship of the armature to 
the field. These essential parts make up the whole machine in 
small generators but not in larger installations. When you 
start studying the bigger machines, you'll find many special 
parts added to the essentials and performing special jobs. 



WHY THE ADDITIONS? 

Remember the old model T? It ran all right, but newer 
models run a lot smoother with more power, and they can 
stop on a dime. What's the difference between the two cars? 

lal parts — impr( 
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Likewise, improvements make a generator more serviceable 
and efficient. The older models were just an armature and a 
field. They were plenty rough! You couldn't keep them on a 
rated voltage. And they burned up commutators regularly. 
Your modern machines are built to deliver steady, rated voltage 
and they're a lot easier on commutators. The reason for better 
operation is in the improvements added to the modern machine. 

COMMUTATION 

Commutation is a good-sized word, and it covers a good- 
sized field of action. Understanding commutation is a lot easier 




Rgurt 41.— Commutation diagram. 



if you split the process into two divisions — ideal and prac*j^ 
Ideal commutation describes what should happen. And practi- 
cal commutation describes what does happen. And you'll find 
there's a big difference ! 

First, see what should happen. Figure 41 shows three 
views of an armature. A is the side view, B the end view, and 
C is the schematic of the commutator brush coils, or winding 
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elements. Drawing C illustrates the type of schematic always 
used to explain commutation — you'll see a lot of them. 

The coil selected in drawing A is also indicated in the other 
diagrams. Notice how much easier the positions and commutator 
connections of the coils can be studied when you use a diagram 
like drawing C. Think of the coil as being fitted into the arma- 
ture grooves, instead of being flat. If you have trouble visual- 
izing this schematic, make a cylinder by rolling the page with 
figure 41. Notice how the commutator becomes round and how 
the coils fit the rounded armature. 

What kind of winding is this? 

The coil span covers about one-half the armature — so it must 
be a two-pole job, and the commutator pitch is one. This also 
tells you it must be simplex lap — meaning two paths for 
current to travel, one on either side of the armature. 

Now to complete the picture of commutation — add the pole 
pieces, a north pole on the left-hand side and a south pole on 
the right-hand side. That puts the neutral plane (where no emf 
is induced), equidistant between the pole pieces, with the brush 
straddling the neutral plane. The coils on the left side are 
under a north pole, while those on the right side are under a 
south pole. That means you will have oppositely induced volt- 
ages on the two sides of the neutral plane. One more important 
fact to remember — the coils connected to the brushes are 
in the neutral plane, and therefore they have no induced 
voltage. 
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Figurt 42. — ld«*l commutation— No. I. 



Figure 42 is your complete picture. But here's one idea you 
the coils and com — «™ ™«_ 
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grams show these parts standing still, but don't forget that each 
segment regularly moves out from under the brush. 

Notice the arrows in the commutator in figure 42. They 
show the current direction through the coils, the segments, 
and the brush. 

The armature coils are indicated as moving to the right. 
This produces the same effect as having the brush move left, 
so in figures 42 through 46 the movement of the armature is 
indicated by moving the brush to the left. 

Stop a minute now and look at figure 42. Ten amperes of 
current are coming up each side of the armature. Each of these 
currents is backed by the voltage of the generator — say 115 
volts. At the neutral plane, both currents — 10 amperes from 
each side — flow into segment 5. That makes the load current 
of 20 amperes, which the brush picks off the segment and delivers 
to the load. The 20 amperes, at 115 volts, circulates through the 
load and returns to the generator through the positive brush on 
the other side of the commutator. The 20 amperes re-enter the 
coils of the armature through the brush and commutator system. 
The process of re-entering the armature is part of commutation — 
it's the exact opposite of leaving. The 20 amperes split at the 
segment, 10 amperes going up either side of the armature. 

Commutation is simply a repeat of this process over and 
over again. Out the negative brush and back in the positive — 
that's the whole story of commutation. Yes — the whole story 

AS LONG AS THE ARMATURE IS STANDING STILL. Which it is not ! 

You can't study the whole armature when it is moving be- 
cause you can't keep track of every coil and every segment. 
But you can select one coil and follow it through the process. 
Then, since every coil is like every other coil, what you learn 
about one will be true for all the others. 

COMMUTATION OF ONE COIL 

Remember now — the coils are moving, and coil number 3 of 
figure 42 is the one you'll follow through. In this figure, it's 
under the north pole, carrying 10 amperes, and moving toward 
the neutral plane. An instant later it's in the position shown in 

oil 3 now — the ir — 
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Rgura 43. — Ideal commutation— No. 2. 



the brush and not into coil 4. This is the true beginning of 
commutation — when the coil is connected to the brush. 

Something else has been added in figure 43 — a graph showing 
just what happens to the coil current during commutation. Try 
to connect the diagram and the graph together. The asterisk 
(*) over the graph shows the coil current for the instant 



NEUTRAL 
PLANE 



•TO LOAD 



ROTATION 



n ] j&J LqqJ \jm IqqJ Iqq. 



— ■ io» 

1. 



3. I 



I0» - — 10* 



I s 
1 




Fiaura 44.— MmI commutation— No. 3. 



of the diagram. Notice that the current in figure 43 is 10 am- 
peres in the positive direction. 

In figure 44, coil 3 has moved closer to the neutral plane. 
And here is where things start to happen. Coil 3 is no longer 
carrying a full 10 amperes. About two amperes from coil 2 
are going directly to the brush. And that leaves only about eight 
amperes for coil 3 to carry. The graph shows the same thing. 
Coil 3 is moving into the neutral plane, out of the load 
circuit, and is also losing its current. 

How about the generator's output ? Does it decrease because 
coil 3 is losing current? 

No, because coil 2 takes over the job that coil 3 is dropping. 
There are 10 amperes of current still coming up the left side — 
two amperes from coil 2 and eight amperes from coil 3. The 
amount changes in individual coils, but the brush current 
remains constant. 

Now you're at the crucial point — when coil 3 reaches the 
neutral plane (figure 45). Coil 3 is carrying no current. 
How about the brush current? Steady at 20 amperes, because 
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Figure 45. — ld«*l commutation— No. 4. 



coil 2 has taken over the job completely from coil 3. And this 
is what happens to every coil as it moves through the neutral 
plane — its current falls to zero. 



The final diagram for ideal commutation is shown in figure 
46. Coil 3 has passed the neutral plane and is now under the 
south pole. The south pole flux induces an opposite voltage, 
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Rgur* 46. — ld#*l commutation — No. 5. 

and coil 3 is back at work— carrying current again, but in the 
reverse direction. 

That is the commutation of one coil. In summary here is 
what happens, the coil moves out from under one pole, into the 
neutral plane, and then under the opposite pole. Current in the 
coil drops to zero in the neutral plane and then builds up again 
in the opposite direction. At the instant the coil current goes to 
zero, the brush short circuits the coil. But no damage results 
from this short, because the coil is without voltage while it's 
in the neutral plane. 

It doesn't take much imagination to picture the results of im- 
proper commutation on the neutral plane. You'd have a coil 
with practically no resistance — perhaps 0.01 of an ohm. Just 
one volt across this circuit would wham 100 amperes through 
the coil, segments, and brush. It would make a good Fourth of 
July display, but would be pretty tough on the generator. 

The process of ideal commutation is smooth. Each coil moves 
into oosition. connects to the brush, delivers current, passes 



67 



through the neutral plane, reverses its current, delivers current 
again, and finally passes down under the pole and away from 
the brush. 

The total result of ideal commutation is a continuous and 
smooth flow of current to the load. But the continuous and 
smooth flow depends on three things — 

There must be no voltage in the short-circuited coil while 
the coil must be in the neutral plane. 
There must be no current in the short-circuited coil. 
There must be no sparking at the brushes. 

TOO GOOD TO BE TRUE 

Did you ever try to figure out how much a date was going- to 
cost? How many times were you right? It's a good bet that 
you didn't guess right very often ! 

Ideal commutation is like that — it's too good to be true. It 
looks fine on paper, and it should work perfectly, but in practice 
it doesn't. There are two things that foul up perfect operation — 
self-induction and armature reaction. And all the IM- 
PROVEMENTS on a generator are added to unfoul these two 
things. 

SELF INDUCTION 

Here it is again — the voltage of self induction. This time it's 
upsetting ideal commutation. 

Go back and look at the graph in figure 46. Notice that the 
current falls smoothly from 10 amperes to zero as the commu- 
tated coil passes into the neutral plane. You know what happens 
when a coil has a decreasing current. The flux field collapses on 
the coil and induces a voltage. This voltage tends to keep cur- 
rent flowing. 

That means two voltages operating in the same coil— one 
induced by the field and the other induced by self induction. 
Consider both voltages — they're both forcing current in the 
same direction. Which means that instead of the current falling 
quickly to zero, it continues to flow. Figure 47 shows this. 
The time marked with the star is the neutral plane. Follow the 
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Figure 47. — Effect of »»lf induction. 



solid line. It shows you what should happen — zero current at 
the neutral plane. Now follow the broken line. It shows you 
what does happen — plenty of current at the neutral plane. And 
that means current in a short circuit. 



I 
I 

I 




Rgurt 41* — Com m iff* tod coil carrying curront. 



Look at figure 48 — it shows what the voltage of self indue- 
firm does to ideal commutation. It shows what happens when 
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a commutated coil carries current. Even though the voltage 
of self induction is small, the current is high — much too high 
for the brush to handle. Result — current jumps from the seg- 
ments to the sides of the brush. And you have arcing and a 
pitted commutator. 

That's the first trouble maker — be sure you know how the 
emf of self induction fouls up ideal commutation. 



ARMATURE REACTION 



Every loaded generator has two fields present. One is the 
regular field produced by the field poles. And the other is the 




field around the armature produced by the load current. These 
two fields work against each other causing armature reaction. 
The combined field is bent and twisted out of its natural shape, 
resulting in flux distortion. 

First, look at the flux from the pole pieces alone (figure 49). 
It's straight across the generator. And the neutral plane is at 
right angles to the flux — straight up and down. 

Next, look at the flux produced by the loaded armature 
alone (figure 50). Notice that this field is roughly paralleled 
to the neutral plane. 
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Figure 50. — Raid of a loadtd armatura. 

Now compare the two fields. One fact stands out — the two 
fields are at right angles to each other. But you know that 
it is impossible for flux lines to cross at right angles. There- 




CANCELLING ADDING 
Figure 51. — Flui distortion. 
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fore, there must be a combination of the two fields to form 
a total field. Combination of flux fields means either can- 
cellation or adding. In this case, both. 

Look at figure 51. It shows the total field — the result of 
armature reaction. Notice the twisted, distorted total field 
caused by the reaction of the two individual fields. The normal 
straight field of the pole pieces has been skewed — shoved out 
of line by the armature field. 

The exact process of distorting the field is shown in the 
two magnified digrams of figure 51. The two fields meet head-on 
in the lower left pole tip. Result— cancellation and a weak 
field. And the two fields meet at a small angle in the lower 
right tip. Result — adding and strengthening of the total field. 

You are probably wondering why armature reaction is so 
important in commutation. Well, this is it — armature reaction 
shifts the neutral plane. Notice, in figure 51, the conductors 
that were in the neutral plane are now cutting flux. And 
they're carrying current. They cannot be com mutated. But, 
if you check figure 51, you'll notice a set of coils not cutting 
flux. These coils are in a new neutral plane. Notice that arma- 
ture reaction has shifted the neutral plane in the direction 

OF ROTATION. 

Remember what the emf of self induction did ? It kept cur- 
rent flowing in the commutated coil — even at the neutral plane. 
But this current must reverse. And at the instant it reverses, 
current stands still. It's like climbing up and down a ladder — 
after you reach the top you've got to reverse direction to come 
down again. And at the instant you reverse direction — you're 
stopped. Similarly, in the coil — the instant the current stops is 
the instant to commutate the coil. You can find that instant 
by looking back at figure 47. It isn't at the ideal neutral 

PLANE, BUT PAST IT — IN THE DIRECTION OF ROTATION. 

PUT BOTH TOGETHER 

So now you have the two "foulers" of ideal commutation. 
Both do the same thing — they move the plane of zero current in 
the direction of rotation. This new plane is called the electrical 

NEUTRAL PLANE Or the COMMUTATING PLANE. And that's 
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where the brushes go! Because that's the only place where 
current and voltage are zero — the only place where there will 
be no sparking at the brushes. 




Ftgur* 52. — The commutating plant. 



Figure 52 shows both the ideal neutral (mechanical neutral) 
plane and the new neutral plane — the commutating plane. You 
can see that both the emf of self induction and the armature 
reaction force the commutating plane away from the mechanical 
neutral plane — in the direction of rotation. O.K. — that's 
where the commutating plane is, and that's where the brushes 
should go. 

WHAT TO DO 

It's easy enough to say "put the brushes on the commutating 
plane." But how can you tell where that plane is? Review the 
characteristics of ideal commutation — no voltage or current in 
the commutated coil, and no sparking. That last item, "no 
sparking/' is your key to good commutation. When the brushes 
stop sparking — you've got 'em right where they belong. And 
that's just the way the commutating plane is located. Shift 
fh* Krnchpc until c^arking stops or is reduced to a minimum. 
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CHANGING LOADS 



Imagine that you've got a generator all set. It's running and 
carrying its load with no sparking at the brushes. Suddenly the 
brushes start to spark. You readjust the brush position and the 
sparking stops. 

A change in the position of the commutating plane caused 
the sparking. You stopped it by shifting the brushes to the 
position of the new commutating plane. Now the commutating 
plane doesn't jump around without reason. There's a mighty 
good reason — a change in load. 

Suppose the load is increased. The current in the armature 
increases, because the armature carries all the load cur- 
rent. As the armature current increases, the armature field 
becomes stronger, the emf of self induction and the armature 
reaction both increase because they are both caused by the 
armature's field. Load changes and armature troubles go hand 
in hand. 

Things would be simple if loads were steady. But they 
aren't. Every time a motor is started or stopped, and every time 
a light is turned on or off, the load changes. When you con- 
sider the loads on a ship's service generator, you know that 
most loads vary. That means a constant shifting of brushes — 
a new position for every change in load. 

Some job — standing watch on a generator and shifting brush 
position every time someone turns on a light ! Surprisingly 
enough, that's exactly what they used to do. But nowadays, 
it's not necessary. The troubles caused by self induction and 
armature reaction are taken care of inside the generator. It's 
almost totally automatic. 

There are four ways of taking care of emf of self induction 
and armature reaction — slotted pole pieces, laminated pole 
tips, interpoles, and compensating windings. These are 
used to keep the commutating plane at the mechanical 
neutral plane. In short, they cancel out the bad effects of the 
armature field. These are the improvements that are added to 
the generator to make it run better and smoother. 
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SLOTTED POLE PIECES 



You can weaken a magnetic field by putting air in the path of 
the flux. Now, in a generator, the question is, which field is 
going to get weakened ? 

It wouldn't be very smart to weaken the field from the 
poles because that would just cut down the generated voltage. 
So, you weaken the armature field by slotting the pole pieces. 




A B C 



Figurt 53. — StoHtd polt pi*c«ft. 

Look at the series of diagrams in figure 53. A shows an 
ordinary field pole with both fields present. Of course you 
know that two fields cannot cross like this, but the diagram 
shows you how the two forces approach each other. B shows 
the pole pieces slotted, meaning the shoe has sections or slots 
cut out of its face. Air takes the place of the missing iron. Re- 
luctance is increased — but only for the armature field. 

Notice how the flux from the field poles avoids the air spaces 
by sticking to the iron path. The main field is not weakened. 
Since the armature flux cannot avoid the air space, the arma- 
ture flux is weakened to the point where it can scarcely inter- 
fere at all with commutation. 

Thus by weakening the armature flux you correct trouble 
makers at once, since the armature field is responsible for both 
rv* c*if ;«i/if«^fiAn a nd armature reaction. 
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Figure 53C is the diagram of the total field with slotted pole 
pieces. The re-alinement of the field is not perfect, but it's 
a lot better than it is with solid pole pieces. The commutating 
plane has been moved back nearer to the mechanical neutral 
plane. 

Slotting the pole pieces helps to improve commutation, but 
it doesn't do the job perfectly. The principal drawback — slotted 
pole pieces cannot adjust for changing loads. With a light 
load, only a few small slots are needed, but with a heavy load, 
many large slots are needed to fill the armature flux. There- 
fore, this method of bettering commutation is satisfactory only 
for fairly constant loads. 



Laminated tips really mean more than the name implies. 
In modern generators the whole pole piece, including the 
tips, is laminated. But when you speak of laminated tips, 
you refer to a special type of lamination at the pole tips only. 

When a pole piece is constructed, the laminations are laid 
one on another to produce the proper thickness of the pole 
piece. When the tips are to be laminated the same general 
construction is used but with a special exception. 

Figure 54 shows this exception. It differs from an ordinary 
lamination in just one respect — one tip missing. Now, when 
the laminations are laid up to make the pole piece, every other 



LAMINATED TIPS 




RIVETING 
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Pigur* 54. — On* lamination. 



lamination is reversed. That produces a pole piece with air 
gaps in each tip. 
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Figure 55 shows the complete pole piece. Notice that each 
tip has exactly one-half the iron of a normal pole piece. 
One-half the iron accommodates just one-half the flux, thus 
weakening the field around the pole tips. Now go back to figure 




Figur* 55. — Laminated pole tip. 



51. Notice how the distorted field concentrates in upper left 
and lower right solid pole tips. With laminated tips, this 
concentration is impossible because there isn't enough iron to 
carry that much flux. 

The total effect of laminated tips is to prevent the concen- 
tration of flux at the pole tips. If the flux cannot concentrate 
at the tips, much of the distortion is removed. 

Laminated pole tips do just about the same kind of a job done 
by slotted pole pieces. Both remove the commutating plane 
closer to the mechanical neutral plane. The correction isn't 
perfect, but it helps. The main drawback is, again — no adjust- 
ment to changing loads. 

INTERPOLES 

Look at figure 56. You can see what's wrong, there's no 
correction for armature reaction. 
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Figurt 56.— No intorpoUs. 



Now look at figure 57. Two interpoles, commutating poles, 
are added at the neutral plane. Notice the action of these 
interpoles on the total generator flux. It looks almost as though 
the interpoles actually made the flux distortion worse. But 
they haven't. The interpoles do two things at once. 



INTERPOLE 




INTERPOLE- 
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Figurt 57.— Infer poUt. 
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First, interpoles offset the emf of self induction. Figure 57 
shows how this is done. The coil of the interpole in the me- 
chanical neutral plane is carrying current caused by the emf 
of self induction. To get rid of that self induction, you need 
a flux field that will induce an opposite emf. The interpole 
furnishes that field. Prove it by the generator hand rule. In 
figure 58, the three armature conductors in or near the neutral 
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Rgur# SI. — I nt« rpoUi and s«lf induction. 



plane are all cutting interpole flux. The rest is easy — the 
interpole flux is made just strong enough to balance exactly 
the flux that produces the emf of self induction. 

That sounds like a rosy picture. You get rid of the emf of 
self induction, and your commutating plane shifts right back 
to the mechanical neutral plane. That means no brush shifting 
to get good commutation. Instead the brushes ride right on 
the mechanical neutral plane, because the mechanical neutral 
and the commutating planes are the same. 

Now for the other function of interpoles — to correct partly 
for armature reaction. Figure 59 shows this action. To begin 
with, this diagram is not the whole story. Only the armature 
field and the interpole field are shown. The field from the 
main poles is missing but if the main field were included in the 
diagram, it would be too messy for you to see the action 
clearly. 
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The most important thing for you to see is the cancelling 
action of the interpole. Notice how the armature flux is form- 
ing a north pole at the bottom. Also observe how the north 
pole flux of the armature meets the north pole flux from the 
interpole head on. That can mean just one thing — cancella- 
tion. You get rid of armature flux and armature reaction. 

There are the two actions of the interpoles — to offset the 
emf of self induction and partly correct the armature reaction. 
Notice the word "partly" applied to armature reaction correc- 
tion. Here's the reason for it. Armature reaction goes on all 




Figure 59. — Intarpola* and armafura r •action. 



around the armature. But the interpoles act only in the small 
areas near the neutral plane. In short, the interpoles are too 
small to correct all of the armature reaction. Their main 
function is to kill off the emf of self induction. And they do a 
good job of that. Interpoles do a better job of making commu- 
tation "right" than either slotted pole pieces or laminated tips. 

Neither the slotted pole pieces nor the laminated tips have 
any adjustment for changing loads, but interpoles have. And 
it's the simplest kind of adjustment. Interpole windings are 
connected in series with the armature. That makes adjustment 
automatic. The interpoles' field strength changes automatically 
with every change in load. 

Every ampere of load current causes commutation troubles. 
At the same time, every ampere of load current goes through 
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the interpole winding. Thus the current that causes commuta- 
tion troubles corrects those same troubles when it gets in the 
interpole winding. 

Nice system. But it won't work unless you've got two things 
right. First, the interpole must be connected in series with the 
armature. Figure 60 shows you the correct connection — both 
schematic and wiring diagrams. Second, the interpole must 
have the correct polarity. An easy rule for interpole polarity 




Figure 60. — IntttpoU connection*. 



is based on the interpole action. Remember that action must 
offset the emf of self induction. Therefore, interpole flux must 
be the same as the flux of the next main pole. In fact, the 
interpole acts like an extension of the next main pole. So here's 
the rule — in generators, the interpole polarity is always 

THE SAME AS THE NEXT MAIN POLE IN THE DIRECTION OF 
ROTATION. 

COMPENSATING WINDINGS 

Interpoles do an excellent job of correcting for the emf of 
self induction. But they aren't so good on the job of knocking 
off the armature reaction. Since interpoles occupy such a small 
«. — ~r *~* a i S pace in the field, thev can eliminate 
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the armature flux in only that small space. If you could plant 
interpoles all around the armature, their flux would be effective 
over the whole surface of the armature. Something like that is 
done in compensating windings. 

The compensating windings are set in slots in the main pole 
shoes. The current direction in these windings is always op- 
posite tO the CURRENT DIRECTION of the ARMATURE WINDINGS. 

Compare the currents of the armature and compensating wind* 
ings in figure 61. You'll notice that they're opposite. 




Rgur* 41. — Compounding windings. 




Rgurt 42. — Comptnuting winding action. 



The enlarged sectional diagram of figure 62 shows you the 
action of compensating windings. Notice how the compensat- 
ing flux is opposite to the armature flux. That means 
ranrpllatinn AnH if you get rid of armature flux, vou rat rid 
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of armature reaction. Also, if you get rid of armature flux, you 
eliminate the emf of self induction — at least partly. And right 
there is the main drawback of compensating windings. They 
don't do a very good job on emf of self induction. That's be- 
cause compensating windings are not concentrated at the neu- 
tral plane — the one spot they would have to be to eliminate 
emf of self induction. 

Are compensating windings automatic in adjusting for changes 
in load? 

Absolutely — they're in series with the armature, just like 
interpoles. It's the same set-up. More load current means more 
armature flux. And more load current means more compen- 
sating winding flux. The two fluxes depend on the same 
current so they are always about the same strength. The same 
strength and opposite in direction — just about complete can- 
cellation. 

Another nice system for getting the commutating plane back 
to the mechanical neutral plane for all loads. That's com- 
pensating windings ! But they won't work unless two things are 
right. First, the windings must be in series with the armature. 
Second, they must carry current opposite to the armature 
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current. The schematic of figure 60 gives you the connection — 
just put compensating windings in place of the interpoles. 

You're probably wondering just how the compensating wind- 
ings are put on the field poles. Figure 63 shows you. This is 
a multi-polar generator without interpoles, just compensating 
windings. Notice that the compensating windings are in the 
form of coils, that they overlap two main poles, and that they're 
heavy enough to carry the full armature current. 

SUMMING IT UP 

The process — commutation is the process of taking current 
off a rotating armature and delivering it to a stationary load 
circuit. The whole process is bound up in the contact between 
the commutator and the brushes. Under ideal conditions, the 
process is a pipe. By commutating the coil while it is in the 
neutral plane, you get no voltage and no current in the com- 
mutated coil. Result — no sparking, and the generator delivers 
rated current and rated voltage. 

The troubles — armature reaction and emf of self in- 
duction. Both result from the flux field of the armature, and 
both foul up the no voltage and no current condition of the 
commutated coil. Both act to maintain current in the coil. Re- 
sult — the brush and commutator system is overloaded. Arcing 
occurs, the commutator is damaged, and the generator delivers 
less than rated current and voltage. 

The remedies — slotted pole pieces, laminated tips, in- 
terpoles, and compensating windings. The first two re- 
duce the effect of the armature flux by increasing the reluctance 
of the armature flux path. They put air into the magnetic cir- 
cuit. Slotted pole pieces and laminated tips are purely mechan- 
ical features. They cannot adjust to load changes and generally 
are used only on constant load machines. 

The last two, interpoles and compensating windings, reduce 
the effect of armature flux by setting up an opposing flux field. 
They are electrical features, which adjust automatically to 
load changes. Interpoles and compensating windings are always 
in series with the annature — their strength is always controlled 
by armature current. 
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DETAILS OF DESIGN 



You'll never have to design a generator. But it won't hurt 
you any to know what to expect when you pull off an end bell. 
Generally, you'll find laminated tips and slotted pole pieces on 
constant load jobs. And usually you'll find interpoles or com- 
pensating windings on variable load jobs. But, there is no set 
and fast rule — in fact, you may find all four features in the 
same machine. The use of interpoles and compensating wind- 
ings is especially common in big jobs. 
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CHAPTER 6 



D.C. GENERATORS— VOLTAGE REGULATION 

AND CONTROL 

VOLTAGE — UP AND DOWN 

All of you have had the unpleasant experience of having the 
voltage rise and fall as the load on the generator is changed. 
It caused the motors to gain or lose speed, lights to brighten 
or dim, depending on whether the voltage went up or down. 

Many times an abrupt drop in voltage is more serious than 
an inconvenience. It could hamper the operation of pumps, 
deck machinery, and electric lifts to the extent that it is danger- 
ous for the operators. 

Some generators have a natural tendency to allow the voltage 
to drop. Others are capable of maintaining a more nearly con- 
stant voltage regardless of the load. This chapter is a discus- 
sion of these generator characteristics and of the systems used 
to control the voltaere. 
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The term voltage regulation refers to any change in the 
generator terminal voltage that is caused by a change in load 
current. Sometimes this change in voltage is known as the 
external characteristic of the generator. 

The degree of voltage regulation is a mathematical com- 
parison of the terminal voltage at no load with the terminal 
voltage at full load when the generator is being driven at a 
constant speed. It is expressed as a percentage of the full- 
load voltage. 

For example, if the no-load voltage of a generator is 120 and 
its full-load voltage is no, the percent of regulation is — 

120 — no 

100 X ( ) = 9 09% 

no 

Voltage regulation of a generator is determined by its design. 
Voltage control is any change in the output produced by an 
adjustment, either manual or automatic, to the generator. 

VOLTAGE DROPS IN A SEPARATELY-EXCITED GENERATOR 

The generator pictured in figure 64 is separately-excited and 
driven at a constant speed. 

In figure 64^, an emf of 125 volts is indicated by the volt- 
meter. Since the voltmeter is connected across the brush ter- 
minals, 125 volts is the generatf.d voltage E 2 and also the 

TERMINAL VOLTAGE E H . 

In figure 64Z?, the same generator, running at exactly the 
same speed and cutting the same flux field, shows a potential 
of only no volts between the brush terminals. 

Here's the difference. In figure 64/I, the generator is running 
without load. That means no current is flowing except the 
small current through the voltmeter. But in figure 64Z?, the 
generator is supplying 50 amperes to a load. 

From your knowledge of armatures, you know the current 
that flows through the load also flows through the armature. 
Since all armatures have some resistance, you will have an IR 
drop across the armature. 

The generator in figure 64 has an armature current I a of 5° 
amperes, and the resistance Ra of the armature circuit is 0.2 
ohms. Therefore, the IR drop across the armature is — 
E = IR= 50 X 0.2 = 10 volts. 
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Figure 64.— I R and AR drop in a **p«r« ft ty •icittd gtntrator 

These 10 volts are "used up" before they reach the generator 
terminals. Therefore, output voltage is 10 volts less than the 
voltage generated — 125 — 10^=115 volts. 

But the voltmeter indicates only no volts. What happened 
to the other five volts? 

Remember how armature reaction affected the flux field? 
Armature reaction weakens the main flux field. As the 
load goes up, armature reaction goes up, field flux is weakened, 
and the output voltage goes down. In short, because of arma- 
ture reaction, any increase in load will cause a decrease 
in output voltage. This is called the AR drop. In the gen- 
erator of figure 64B, the AR drop accounts for five volts. 

Thus the full-load terminal voltage for this separately-excited 
generator is — 

E t = £ K — I A R A — AR = 125 — 10 — 5 = 110 volts. 

Remember — any increase in load on a separately-excited gen- 
erator causes a decrease in terminal voltage. Two drops cause 
this decrease — IR drop and AR drop. 
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HOW TO CALCULATE PERCENT OF REGULATION 



Suppose 50 amperes is rated full-load current for the gen- 
erator in figure 64B. Find the voltage regulation for the 
generator. 

No-load Full-load 



Regulation — f Voltage Voltage \ x 100 

\ Full -load voltage / 



For this generator — 

Regulation «=( 125 ~ 110 W 100 — 13.64% 
\ no / 

VOLTAGE DROPS IN A SHUNT WOUND GENERATOR 

Figure 65 is a schematic diagram of a shunt generator. The 
shunt-field leads are connected to the brush terminals. You know 
the field excitation depends upon the terminal voltage of the 
generator. In other words, if the terminal voltage goes down, 
the field flux is cut down. Any decrease in field flux causes 
a decrease in generated voltage. Any decrease in generated volt- 
age causes a corresponding decrease in terminal voltage. 

IR and AR drops affect the terminal voltage of a shunt gen- 
erator just the same as they affect the terminal voltage of a 




TO LINE 



Figur* 65. — Schematic diagram of « shunt gtn#rator. 



separately-excited generator. In a shunt generator, the decrease 
in terminal voltage caused by IR and AR drops weaken the 
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field of the generator. The weakened field causes a further 
reduction in the terminal voltage. 

Thus, the terminal voltage of a shunt generator running at a 
constant speed is influenced by three factors each time the load 
increases — 

IR drop in armature circuit. 
AR drop caused by increased armature reaction. 
Decreased field excitation. 
Therefore, when a shunt generator is heavily overloaded the 
output voltage will drop to almost zero, because voltage is 

1 1 

I DROP OUE TO ARM- 




AM PERES 

Figure 66. — Voltage output of • shunt wound gonor«tor. 



generated from only the residual magnetism of the field. This 
self -regulation feature protects the shunt generator against 
damage from short circuits. If you short the armature terminals 
of a shunt generator, the voltage falls to almost zero. 

Figure 66 is a graph of voltage regulation of a shunt gener- 
ator. Notice that the voltage drop from no-load to full-load 
does not make a straight line. The rate of drop increases as 
the load approaches the full-load value. When the rated full- 
load value is exceeded, small increases in load cause the voltage 
to drop still faster. 

The characteristic of the shunt generator shown by the 
graph in figure 66 is sometimes called a drooping power 
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WHAT TO DO ABOUT VOLTAGE REGULATION 



You can't get rid of the IR drop in the armature circuit, 
but you can keep it down by making the armature resistance as 
low as possible. That means — no loose leads, no loose connec- 
tions, clean commutator, and the correct brushes seated properly 
on the commutator. 

You can reduce the AR drop by reducing armature reaction. 
You learned how to do that in Chapter 5. 

Since you can't eliminate completely either the IR or AR 
drop, in a shunt generator you will still have some voltage drop 
due to a weakened field. But you can offset the weakened field 
by putting a rheostat in series with the shunt field. This rheo- 
stat varies the resistance of the field circuit. Consequently, by 
adjusting the resistance of the rheostat, you can hold the 
generated voltage fairly constant if the load isn't changing too 
much or too rapidly. 

The large voltage regulation of shunt generators makes 
them inefficient when widely varying or frequently changing 
loads are present. 

COMPOUND GENERATORS 

Most electrical circuits require a nearly constant voltage. If 
shunt generators are used to supply these circuits, variations of 
load will prr<luce undesirable voltage variations — unless you 
adjust the field rheostat each time the load changes. 

Voltage variations caused by load fluctuations can be remedied 
by the use of a compound generator, one which has a series 
field as well as a shunt field. The series field carries the 
load current, and the series field strength varies as the load 
varies. If the load goes up, the series field flux increases; and 
if the load goes clown, the series field flux decreases. 

Here's how the series field helps to overcome voltage vari- 
ations. The series field winding is so connected that it aids the 
shunt field. This connection gives you a cumulative compound 
generator, meaning that any change in load current causes 
a corresponding change in field strength without adjusting the 
field rheostat. As the load increases the field, both strength 
and voltage increase. 
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The amount of increase in field flux and voltage depends 
upon the number of ampere turns in the series field. If the 
series field has just enough ampere-turns to compensate for the 
IR and AR drops, the generator is flat compounded, and has 
the same voltage at no-load and full-load when the series field 
has fewer than just enough turns to produce a flat-compounded 
generator, the IR and AR drops are not offset. The voltage 
will vary somewhat with load, but not as much as a shunt 
generator. This type generator is said to be under-compounded. 

When the series field has more than enough ampere-turns 
to offset IR and AR drops, the generator is over-compounded, 
and the voltage rises as the load goes up. 

The curves in figure 67 show some of the external character- 
istics that can be obtained by varying the ampere-turns of the 
series field. The voltage curve B for the flat-compounded 
generator shows that the three causes of voltage drop in a 
shunt generator can be completely overcome. The voltage curve 
A for the over-compounded generator shows that the voltage 
can actually be made to increase from no-load to full-load 
conditions. 

You can see from the curve for the flat-compounded generator 
that the voltage isn't exactly constant. That is practically im- 
possible. But the series field is adjusted so that the terminal 
voltage will rise only slightly and will then drop back again, 
eventually reaching the same value at full-load as at no-load. 
This small rise is generally about 5 percent, and almost any 
load can stand that much variation. 

Also notice that with all three curves — A, B, and C— once the 
rated full-load current is exceeded, the voltage drops very 
rapidly, just as does the voltage of the shunt generator. 

SERIES FIELD REVERSED 

A differentially compounded generator is one where the series 
field is connected in opposition to the shunt field. As the load 
increases, the series field strength increases. Since the series 
field opposes the shunt field, the whole field will be weakened 
and the voltage will go down much faster than if the generator 
didn't have a series field at all. 
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LOAD CURRENT 



Figure 67. — Voltage characteristics of compounded generators. 

The characteristics of the four compound generators are given 
in figure 67. 

VOLTAGE CONTROL 

Com pound- wound generators can provide a constant voltage 
under wide conditions of loading. For this reason, they were 
originally used to generate direct-current for the ship's electric 
system. However, shunt-wound generators have certain de- 
sign advantages — principally their greater simplicity in design 
and reliability when connected in parallel with other genera- 
tors. For this reason, stabilized shunt wound generators 
with a voltage regulation of about 12 percent are now used in 
most d.c. ship systems. 

A stabilized shunt generator is simply a shunt generator with 
an extremely light series winding. It has just enough series 
field to keep the regulations at about 12 percent. Thus, the d.c. 
generators installed on shipboard today have a drooping-power 
characteristic. Voltage control is obtained by manual or auto- 
matic adjustment of the field rheostat. 

Where the load is fairly constant, as on the auxiliary d.c. 
generator aboard most ships, the voltage is adjusted by a hand- 
operated rheostat. 

However, not all d.c. generators on shipboard carry constant 
load. In fact, the load changes are often large and frequent. 
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Under these conditions, voltage control by manually-operated 
rheostat becomes unsatisfactory and some type of automatic 
voltage control is necessary. 



Voltage regulators are used on the Navy's d.c. generators 
only when unusually close vokage regulation is needed. The 
voltage regulations used vary widely in type and design. No 
attempt will be made here to describe the construction and opera- 
tion of each type. • Manufacturer's instruction books will give you 
detailed information on the construction and operation of any 
type voltage regulator on your ship. But to give you a general 
idea of their operation, look at figure 68. 



This regulator operates by rapidly opening and closing a 
shunt circuit across the field rheo'stat, once the field rheostat has 
been manually set for the desired voltage. 



The relay magnet C has a U-shaped iron core with two 
solenoids, wound in opposition to each other. When both 
solenoids are energized, the pull of the relay magnet is weak- 
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Rqure 61.— Circuit for en automatic voltage regulator on « d.c. generator. 
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ened, and the spring H closes relay contacts B. When the relay 
contacts are closed, the rheostat is shorted out and the field 
current increases, causing the voltage rise. 

A slight increase in voltage causes the main control magnet 
D to open the main contacts A 9 thereby opening the circuit 
through one of the solenoids on the relay magnet. This solenoid 
is de-energized and no longer opposes the other solenoid. The 
pull of the relay magnet C is now strong enough to overcome 
the tension of the spring H and open contact B. The rheostat 
is no longer shorted out, the field current is reduced, and down 
goes the voltage. Actually both relays are vibrating con- 
stantly so that the voltage changes of the generator are very 
small. The frequency of the vibrations determines the amount 
of voltage regulation. 

Another type of voltage regulator consists of a solenoid and 
a number of resistance plates stacked one over the other. 
The resistance plates are connected in series with the field, and 
their total resistance is varied by tilting the plates. 

If the generator voltage rises above the selected value, the 
pull of the solenoid tilts the plates apart and the resistance of 
the field circuit is increased. This decreases the field ex- 
citation, and the generated voltage goes down. 

If the generated voltage goes below the correct value, the 
pull of the solenoid is reduced and the plates are pulled together 
by a spring. This decreases the resistance, and the field ex- 
citation increases. The increase in field excitation causes the 
generated voltage to go up. 
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CHAPTER 7 



D.C. MOTORS 

MOTOR CLASSIFICATION 

If you were asked to choose a motor to do a certain job, 
there are a few things you would need to know about the job 
before you selected the motor. For instance, you would like 
to know how large a load the motor would have to pull, whether 
it is going to be operated in a place where gases could be ig- 
nited by sparks, or whether the air is full of abrasive materials. 
The possibility of a motor being subjected to dripping water or 
oil, or even operated under water must be considered. And 
you would need to know whether the voltage is to be constant 
or changing. 

To aid you in selecting the right motor for the job, motors 
are classified according to the following types — 
Degree of enclosure. 
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Speed. 
Duty. 

Type of field winding. 
Voltage. 

DEGREE OF ENCLOSURE 

With reference to their degree of enclosure the following 
types of motors are found on board ship— 




Figurt 69. — Opin typt motor. 



Open type — The motor in figure 69 has end bells which 
offer little or no restriction to ventilation. 

Drip proof motor — A drip proof motor, figure 70, is pro- 
tected against falling moisture or dirt from any direction up to 
45 0 from the vertical. 

Semi-enclosed — A motor of this type has all ventilation 
openings protected with wire screens or perforated covers, 
as shown in figure 70. The openings do not exceed an area of 
one-half square inch. 

Enclosed — An enclosed motor like the one in figure 71 is 
totally enclosed, except for openings provided for the admission 
and discharge of air. These openings often are connected to 
inlet and outlet ducts or pipes. 
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Flgur* 70.— Drip proof motor. 



Waterproof — A waterproof, gas tight, or dustproof motor is 
so constructed that a stream of water from a hose may be 
played upon it from any direction without leakage into the motor. 

Submersible — A submersible motor is one that will operate 
under water. 




pi "Mr* 71. — An •»clo»«d typo motor, 
ft 



METHOD OP COOLING 



With reference to cooling the following types of motors are 
found aboard ship — 

Natural ventilated — The natural ventilated type motor 
is cooled by the natural circulation of air caused by the motor's 
own rotation. 

Self ventilated — This type motor is cooled by a fan at- 
tached to the armature of the motor. 

Separately ventilated — The separately ventilated motor 
is cooled by an independent fan or blower apart from the motor. 

MOTOR CLASSIFICATION ACCORDING TO SPEED 

According to their load-speed characteristics, motors are 
classified as follows — 

Constant speed — A motor whose speed varies only slightly 
between no-load and full-load. The shunt motor is a good ex- 
ample of this type. 

Multispeed — A multispeed motor is one which can be oper- 
ated at any one of several definite speeds, each speed being 
practically constant. These motors cannot be operated at 
intermediate speeds. A motor with two windings on the 
armature is an example of a multispeed motor. 

Adjustable speed — An adjustable speed motor is one whose 
speed can be varied gradually over a wide range, but when once 
adjusted remains practically unaffected by load changes. 

Varying speed — In this motor the speeds varies with the load. 
Ordinarily the speed decreases as the load increases. 

Adjustable varying speed — In this type of motor the speed 
may be adjusted over a wide range for any given load, but 
when the speed is adjusted at a given load, it will vary with any 
change in load. 

DUTY 

All motors on board Naval vessels are classified according 
to the duty they are to perform. 
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A continuous duty motor is a motor capable of being 
operated continuously at its rated output without exceeding 
specified temperature limits. 

An intermittent duty motor is capable of being operated 
at its rated output for a limited period without exceeding its 
specified temperature limit. 

TYPE OF WINDINGS 

Motors on Naval vessels are also classified according to the 
field windings. 

In a shunt motor the main field winding is connected in 
parallel with the armature. 

The series motor has its field winding connected in series 
with the armature. 

The stabilized shunt motor has a light series winding in 
addition to the parallel winding to help stabilize speed. 

The compound wound motor has both a shunt field winding 
and a comparatively heavy series winding. 

VOLTAGE 

Most d.c. motors on board naval vessels are designed to 
operate on 115 volts, or 230 volts. 

FUNDAMENTALS 

How well do you remember the basic principles of motor 
operation? Better take an inventory. Start at the beginning. 
What is a motor? It is a machine that converts electrical 
energy into mechanical energy. What makes it run ? You might 
answer that question by saying — motor action results when a 
current-carrying conductor is placed in a magnetic field. Or 
you may reply, the force developed by a motor is the result 
of interaction between the magnetic field of the main poles 
and the magnetic field which surrounds the conductors of the 
armature. 

You should also remember that the force of torque developed 
by a motor is directly proportional to the strength of the main 
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pole flux field and the amount of current flowing in the arma- 
ture. This is summed up by — 

T = K*I 

where T is torque 

K is the circuit constant • 
* is phase angle 
I is current 

You know that there is a generator action in a motor once 
it starts running, and that this action causes an emf to be in- 
duced in the coils of the motor armature. This induced emf 
opposes the applied emf and is called counter emf. Therefore, 
the current flowing in the armature depends upon the difference 
between the applied voltage, £ a , and the counter EMF, E gp as 
well as the resistance, of the armature circuit — 

E* — E g 

/a- " 

The important thing to remember about counter emf is that 
it opposes the applied voltage and is directly proportional to 
the speed and field strength of the motor. £ g — K*N. 

So much for the basic principles of motor operation. Now 
for some of the practical problems which come up when you 
put these principles to work in a motor. 

ARMATURE REACTION 

Armature reaction — The last time you saw this term was 
while you were studying generators back in Chapter 5. At 
that time you learned that the distortion of the main flux field 
caused by the reaction of the main field flux and the armature 
flux is called armature reaction. 

Figure 72 will help to remind you of the effect armature 
reaction has upon the main field of a generator. The tip of 
one field pole is crowded with flux lines while the flux field in 
the other pole tip has been reduced considerably. Furthermore 
the electrical neutral plane has shifted forward in the direction 
of rotation. Except for the direction the neutral plane shifts, 
essentially the same thing happens in a motor. 

Like the generator, the motor has two fields — the main pole 
field and the field around the conductors of the armature, but 
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CANCELLING 



ADDING 



Figure 72.— Armatura reaction causas flut distortion. 

the relative polarities of these fields are reversed as com- 
pared With the GENERATOR. 

Take a look at figure 73. By using your hand rules you can 
show that if a motor and generator have the same field polarity 
and rotate in the same direction, their armature currents flow 

in OPPOSITE DIRECTIONS. 




MOTOR GENERATOR 



Rguro 73. — Ralativa polaritiat of a motor and f anarator fiold. 
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Since the armature currents of the motor and generator are 
flowing in opposite directions, the resultant flux field must 
be in opposite directions. The resultant flux fields and their 
directions are shown in figure 74. Prove these flux fields are 
correct by using your hand rule for flux. 



ROTATION ROTATION 




(A) MOTOR (B) GENERATOR 

Rguro 74.— Comparison of armaturo flui fialdi In a motor and goitorator. 



Since the armature flux fields of the motor and the generator 
are of opposite polarities, the effect of the motor armature 
flux upon the main field of the motor must be the exact opposite 
of that which the generator armature flux has upon the main 
field of the generator. Figure 75 shows the resulting field 




MOTOR GENERATOR 

Figura 75. — Comparison of altcfrical ntutrtl plant of a motor and a 

ganarator. 



distortion in each case. Notice that the neutral plane of the 
generator has shifted forward in the direction of rotation. But, 
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the neutral plane for the motor has shifted backward against 
the direction of rotation. 

As in the generator, this new neutral plane for the motor is 
called the electrical neutral plane, and that's where the brushes 
go. You shifted the brushes forward in the direction of rota- 
tion in the generator but you shift them backward against 

ROTATION IN A MOTOR. 

D.C. MOTOR COMMUTATION 

In a d.c. motor, one side of the armature coil carries current 
in one direction while it is under a north pole but the same 
coil side carries current in the opposite direction while it is 
under a south pole. Since the current supplied to the coil 
side is direct current and flows continuously in one direction, 
it is necessary to commute the current to the coil side. That 
is, the current must flow in through the coil side while it is 
under one pole and flow out through the coil side while it is 
under the other pole. 

The method used for commutation in a motor is the same 
as the method used for commutation in a generator. And you 
run into the same troubles, one of which you especially remember 
— sparking due to self induction and armature reaction. 

At the instant before a coil is short circuited by the brush, 
the current is flowing through it in one direction. The next 
instant the commutator bars are under the brushes and the 
coil is short circuited. At this instant the current flowing in 
the coil should be zero. The next instant the coil lies on the 
other side of the brush and current is flowing in the 

OPPOSITE DIRECTION. 

Notice that the current should be zero in the coil while the 
coil is short circuited. Well, you know the current must go to 
zero before it can be reversed. But it doesn't. 

Remember Lenz's law? As the current decreases to zero, 
a voltage is induced which tends to continue the flow of 
current in the same direction. This voltage due to self induction 
is very small. However the short circuited coil has a very 
low resistance, about .001 of an ohm, and this small voltage 
due to self induction will cause a large current to flow. 
Result — sparking when the commutator segments connected to 
the coil move out from under the brushes. 
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HOW TO CURE SPARKING 



To overcome the voltage of self induction in a d.c. motor, you 
need to produce a voltage which opposes it. Remember the 
voltage of self induction causes the current to continue to flow 
in the same direction. Therefore, the emf of self induction has 
the same direction as the voltage applied to the coil side just 
before it is short circuited. To overcome this emf of self in- 
duction you need a voltage in the opposite direction to the 
voltage which caused the current to flow in the coil side while 
it was under the pole it is just leaving. 

That shouldn't be too hard to figure out. Remember counter 
emf in a generator? Looks as if that's the voltage you need to 
overcome the emf of self induction. 

But how are you going to use it? The coil being com- 
muted is in the neutral plane and is cutting no flux lines. There- 
fore, there is no counter emf induced in the coil. 

Why not shift the brushes to a point where a coil does not 
have an induced counter emf? Which way shall you shift the 
brushes ? 

Well, you want this emf to have the same direction as the 
counter emf induced in the coil while it was under the pole 
it is just leaving. So you shift the brushes backward against 
rotation. 

How far are they shifted ? Only to a point where the counter 
emf in the coil being commutated is strong enough to overcome 
the sparking. By shifting the brushes a little farther you help 
start the current flowing in the opposite direction in prepara- 
tion for the main current which an instant later will flow through 
the coil side as it starts to pass under the other pole. 

D.C. MOTOR INTERPOLES 

From your study of generators you know that interpoles 
are used to overcome this emf of self induction and at the same 
time partly correct armature reaction. Interpoles can also be 
used in motors for the same purposes. The only difference is 
this — in the generator, the interpole has the same polarity as 
the main pole ahead of it in the direction of rotation; but 
the interpole in a motor must have the same polarity as 

THE MAIN POLE DIRECTLY BACK OF IT. Why? 
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You overcame the emf of self induction by commutating the 
coil while it was cutting the flux of the main pole it was just 
leaving. So, if the interpole is to overcome the emf of self 
induction, it must have the same polarity as the main pole 
the coil is leaving. That is the pole directly behind the inter- 
pole. 

The interpole in a motor is connected to carry the armature 
current as in the generator. As the load varies the interpole 
flux varies, and it isn't necessary to shift the brushes with an 
increase in load. Furthermore, the electrical neutral plane is 
near to the mechanical neutral plane. 

What effect will reversing the motor have on the interpole? 

You should answer that one without any trouble, that is 
if you know how to reverse a motor. You know that you can 
reverse a motor by reversing the direction of the current in 
the armature. But when you reverse the current in the armature 
you reverse the current in the interpole and consequently its 
polarity. So the interpole still has the polarity of the pole 
behind it. 

OTHER AIDS TO COMMUTATION 

The other means by which poor commutation in a motor may 
be counteracted are the same as for the generator — laminated 

POLE TIPS, SLOTTED POLE PIECES, and COMPENSATING WINDINGS. 

Just remember that in each case you want to produce the same 
effect as in the generator but in the opposite direction. 
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CHAPTER 8 



MORE ABOUT D.C. MOTORS 



SPEED REGULATION AND SPEED CONTROL 

Speed regulation refers to the ability of a motor to maintain 
its speed when load is applied. 

Speed control refers to changes in motor speed caused by 
some external adjustment of the motor. 

Speed regulation is expressed as a percentage of the no-load 
speed of the motor. You find it by subtracting the full-load 
speed from the no-load speed and dividing the difference by 
the no-load speed. For example, if a motor runs at 1,800 r. p. m. 
at no load and runs at 1,650 r. p. m. at full load the speed 
regulation would be — 

1,800 — 1,650 

Speed regulation= X 100 = 8.33% 

1 ,800 

The important thing to remember is that built-in characteris- 
tics of the motor are responsible for speed regulation, while 
speed control is obtained by external adjustments on the 
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SHUNT MOTOR 



The shunt motor isn't exactly a stranger to you. Among 
other things, you have learned to refer to it as the constant 
speed motor, not because the speed is absolutely the same re- 
gardless of load, but because it changes very little between no 
load and full load. Now, let's find out the reason for this com- 
paratively small speed regulation in a shunt motor. 

To do this, review what happens in a shunt motor as the 
load increases. If the load increases, the armature current must 
increase in direct proportion to the load. But as the current 
in the armature increases the counter emf must decrease. 
Therefore, since the counter emf is directly proportional 
to the speed, the speed must decrease as the load increases. 

Now to determine how much the speed decreases, solve the 
following example. A shunt motor (figure 76) is connected 



E A * 220 VOLTS 5 5 AMPS. 




Rgurt 76. — Counttr tmf in a ihunt motor at no load. 

to a 220 volt line, draws 5.5 amperes, and runs at a speed of 
1,800 rpm at no load. With a full load the motor draws 40.5 
amperes from the line. The field has a resistance of 440 ohms, 
and the armature has a resistance of 0.2 of an ohm. Find the 
full-load speed. 

Current in the field is — 

7 f — = 0.5 amp. 

440 

Current through the armature circuit at no load is — 
I a — 5.5 — 0.5 = 5 amp. 
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Counter emf is equal to line voltage minus IR drops in the 
armature. The IR drop in the armature at no load is — 

URa — 5 X 0.2 — 1 v 
So, the counter emf at no load is — 

E g = Ea — URa — 220 — 1 = 219v 
IR drop in the armature at full load is — 

IaRa — 40 X 0.2 — 8 v 
Counter emf at full load is — 

E g — 220 — 8 — 212 v 
Thus, from no load to full load the counter emf had to drop 
from 219 volts to 212 volts — a very small percentage. Since the 
counter emf varies directly as the speed with the field held 
constant, the percentage of speed variation is the same as the 
percentage of variation in the counter emf, which is very low. 

Furthermore you may set up an equation showing the direct 
relationship between the two speeds and the two counter emfs — 

— — — or N 2 = 

N 2 E g2 E gl 

Where— 

N r — Speed at no load 

N 2 — Speed at full load 

E g i — Counter emf at no load 

Eg2 — Counter emf at full load 

Using the equation — 

1,800 X 212 
N 2 — 219 —1,742 r. p. m. 

approximately the full-load speed. 

Actually the full-load rated speed of this motor, found on 
the name plate, would probably be 1,750 r. p. m. Even so the 
example shows you the reason for the low degree of speed 
regulation in a shunt motor. 

Oh! You want to know why you got 1,742 r. p. m. for the 
full-load speed, instead of 1750 r. p. m. 

That's fair enough. But with a very little help you should be 
able to answer that one for yourself. Remember armature re- 
action? It weakens the main field flux. Also, since armature 
reaction increases as the load goes up, the main field flux is 
, *~~~' 4 a**-* n0 f remain absolutely constant as vou 
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assumed in the example. The effect is slight but it is there. 
Therefore the reduction in counter emf from 219 volts to 212 
volts is not entirely the result of decreased speed but is caused 
partly by the weakened field. So, the speed drops to 1,750 
r. p. m. and the remainder of the drop in counter emf is a 
result of the weakened field flux. 



SERIES MOTOR 

In a series motor the field is connected in series with the 
armature (figure 77). The field carries the same current as 

SERIES FIELD 



LINE 




A, 



Figure 77.— A series d.c. motor connection. 



the armature. That's an important point to remember — the field 
carries the armature current. Therefore, if the load changes 
the current through the armature, it also changes the current 
in the field. 

Up to the point of saturation of the iron, the field flux is 
almost directly proportional to the armature current. Therefore, 
in the equation for torque, (T = K*I), since * varies directly 
with /, / may be substituted for *, and the equation becomes — 

T = KP 

Again, T stands for torque, AT is a circuit constant, and / is the 
armature current. 

Thus in a series motor the torque is proportional to the 
square of the armature current. Doubling the armature current 
results in quadrupling the torque. For example, if the torque 
is 40 lb.-ft. at 25 amperes, at 50 amperes the torque would be 
160 lb.-ft. From this example you can see that the torque 
rises verv raoidlv as current increases. 
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This characteristic of a series motor makes its use very 
desirable where a high starting torque is needed. At the 
time of starting, before the motor has built up any counter emf, 
the current is high and the resulting torque is very high at 
the time it is most needed. 

Just to keep the records straight, it should be pointed out 
that the armature reaction and saturation of the iron both tend 
to prevent the torque from increasing as rapidly as the square 
of the current. This fact can be seen in the torque curve for a 
series motor, shown in figure 78. If you check the torque at 
five amperes, you find it to be 3.5 lb.-ft. But at 10 amperes 
the torque is 12 lb.-ft. instead of 14 lb.-ft., which it would have 
been if it were not for the saturation of the iron and armature 
reaction. 




AMPERES 

F!gur# 78.— Torqua curvt for « s«ri«f d.c. motor, 5 hp.. 230 volts. 

So much for torque. How about the speed of a series motor ? 
How is it going to be affected by this varying field flux ? 

You know that if the load goes up, the current goes up. To 
allow this additional current to flow in the armature, the motor 
counter emf must go down, according to the equation 

£a — Eg 

— ^~ 

where Ea, the applied voltage, and Ra are constant. If, and 
that is a big if, the field flux remained constant, the necessary 
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decreases in counter emf could be accomplished by a slight 
decrease in speed, as in the shunt motor. The flux, however, 
does not remain constant. It increases almost proportionally to 
the armature current. That is, if you double the load you al- 
most double the field flux. Hence the speed must decrease still 
further to make up for this increase in flux. To illustrate this 
point, solve the following example. 

A 5 hp., 110- volt, series d.c. motor is running at 1,050 r. p. m. 
when the current is 5 amperes. The resistance of the armature, 
including brushes, is 0.4 ohm, and that of the series field is 
0.6 ohm. 

First, suppose that the field is constant, and calculate the 
speed when the machine is carrying 15 amperes. 

The total resistance is 

R = 0.4 -f 0.6 = 1 ohm 

The counter emf with five amperes is 
E g = 110 —(1X5) = 105 volts 

The counter emf with 1 5 amperes is 
E % — 110 — (1 X 15) — 95 volts 

Therefore, if the flux were constant, the speed at 15 
amperes would be 

95 X 1,050 

= 950 r, p. m. 

But the field isn't constant. This is a series motor and the 
field flux increases with the load. Suppose the flux at 15 
amperes is twice as much as at five amperes. It won't be 
three times as much because of saturation of the iron and 
armature reaction. The speed must drop below 950 r. p. m. 
to make up for this increase in flux. We can calculate the 
speed change by using the equation for counter emf — 
E g = K*N 

When the current is five amperes, the speed is 1,050 r. p. m., 
and the counter emf is 105 volts. Substituting in the equation — 
105 — K X * X 1,050 

When the current is 15 amperes, the flux is doubled, and the 
counter emf is 95 volts. The equation now becomes — 
95 = KX2X*XN 
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We can solve for the new speed, N, by setting up a direct 
proportion problem — 

105 KX»X 1,050 1,050 

90 ~KX2X*XN ™ 2N 

95 X 1,050 

N — - 

2 X 105 

N = 475 r. p. m. 

This problem shows that when the current in this series 
motor increases from 5 to 15 amperes, the field flux is 
doubled. And in order to decrease the counter emf enough 
to allow the 15 amperes to flow, the speed decreases from 
1,050 to 475 r. p. m. 

On the other hand, as the load on a series motor decreases, the 
field flux decreases and the motor speed must go up to generate 
the required counter emf. So, when there is no load on the 
series motor and the field flux is very low or almost zero, 
the speed rises to a point where it is dangerous. The motor 
may run so fast that the armature coils are thrown out of the 
slots and the motor is wrecked. 

Because of the fact that an unloaded or lightly loaded series 
motor may run away and wreck itself, it is never connected 
to a load through a belt. Instead, a series motor is always 
connected to its load by a shaft or gears. It is used chiefly for 
widely varying load, when extreme speed changes aren't ob- 
jectionable, and when the operator is always present. 

COMPOUND WOUND D.C. MOTORS 

The usual connections for a compound wound d.c. motor are 
shown in figure 79A. The series field is so connected that it 
aids the shunt field. With this type of connection, the motor 
is known as a cumulative compound motor. The field 
strength increases as the load increases. 

In figure jgB, the fields are so connected that the series 
field opposes the shunt field. When connected in this manner 
the motor is known as a differential motor. As the load 
inrrMQ** tViP fiVIH strength decreases. This connection is used 
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SCHEMATIC 




SCHEMATIC 




LINE 




A B 
Rgurt 79. — Connections for • compound wound, d.c. motor 



so seldom that the term compound motor is generally under- 
stood to mean a cumulative compound motor, and that is the 
way it will be used throughout this manual. 

Since the compound motor has both a shunt and a series 
field, you would expect its characteristics to be a combination 
of the series and shunt motor characteristics. Well, they are 
not exactly a combination — but a compromise between the two. 

The speed of the compound motor varies more than the 
speed of the shunt motor, because as the load increases the field 
flux increases. On the other hand, when the load is removed 
and the series field flux is practically zero, it doesn't run 
away as the series motor does, because the shunt field gives it 
a definite no-load speed. Thus the entire load may be removed 
without danger to the motor. 

The speed regulation of a compound motor is dependent 
upon the relative strength of the series and shunt fields. A com- 
pound motor with a strong shunt field and a weak series field 
will have a speed regulation similar to a shunt motor. If the 
series field is comparatively strong, the speed regulation will 
be greater than for the shunt motor and the torque characteristics 
will more nearlv approach that of the series motor. 
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TORQUE CHARACTERISTICS OF A COMPOUND WOUND 

D.C. MOTOR 

The starting torque of a compound motor will be where you 
would expect it — somewhere between that of the shunt motor 
and the series motor* It is higher than the starting torque 
of the shunt motor but not quite as high as the starting 
torque of the series motor. And, as in speed regulation, the 
relative strength of the series and shunt fields will determine 
whether the starting torque is nearer the starting torque of 
the shunt or series motor. 

Here is a good place to get something straightened out. Dur- 
ing all these comparisons of starting torque for different motors, 
remember this — a compound motor, a shunt motor, and a series 
motor which have the same horsepower rating develop exactly 

THE SAME-FULL LOAD TORQUE. 

When you say the series motor has a higher starting torque 
than a shunt motor of the same horsepower, you mean that the 
series motor requires less current than the shunt motor to 
produce the torque necessary to start a load. 

To start with a full load, the shunt motor will ordinarily 
require 1.5 times full-load current, while a series motor will 
require only 1.3 times full-load current. The starting current 
for the compound motor will be somewhere between 1.5 and 
1.3 times full-load current, depending upon the relative strength 
of the series and shunt fields. 

The extra starting torque developed by the series motor 
results from the rapid torque increase when the current goes 
above full-load current. Actually, below full-load current the 
torque of a series motor is lower than the torque of the same 
size shunt motor carrying the same current. Now that isn't a 
hard statement to understand if you remember just three 
things — 

First, the torque equation, T =» K#I. 

Next, the field of the shunt motor is full strength regardless 
of the load current. 

And finally, you know the field of the series motor doesn't 
reach full strength until full-load current is flowing. 

Thus, for a given armature current below full-load value, the 
toraue of a series motor will be less than the torque of a shunt 
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motor of the same size. The torque of a series motor increases 
•much faster, however, almost as the square of the current, while 
the torque of a shunt motor increases directly with the cur- 
rent. 

The degree to which these characteristics apply to the com- 
pound motor depend upon the relative strength of the series 
and shunt fields. 

The starting torque and speed characteristics of the com- 
pound motor make it desirable for use where the starting load 
is heavy and a comparatively steady and high running speed is 
necessary. 

The differential motor may be made to operate with a more 
nearly constant speed than the shunt motor, but the starting 
torque will not be as high. The speed is more nearly constant 
than the shunt motor speed, because as the load increases the 
series field becomes stronger, thereby weakening the shunt 
field. In other words, as the load increases the total field 
strength is decreased. Thus the reduction in counter emf, which 
is necessary to allow the increased current to flow, is brought 
about by a reduction in field flux instead of a reduction in 
speed. By making the series field strong enough — that is, 
with a sufficient number of turns — it is possible to make the 
speed almost constant from no load to full load, or even cause 
it to go up as the load is applied. 

Of course there is a limit to the number of turns which may 
be put on the series field. Here's what could happen if it has 
too many turns. At starting, when the current is very high, 
the series field may be equal in strength to the shunt field, and 
their total flux may become zero. Or course the motor wouldn't 
start, because no counter emf would be generated. The current 
would go higher. The series field would become stronger than 
the shunt field and start the motor in the reverse direction. 
You can see the danger which could result from something 
like this. To prevent this, some differential motors have short 
circuiting switches which short out the series field at the time of 
starting. 

If a differential motor with a strong series field is too 
heavily overloaded, it will stop or reverse its direction of 
rotation because when the load is increased to a point where 

III 



the ampere-turns in the series field equal the ampere-turns in 
the shunt field the total field flux becomes zero. As a result 
no counter-emf is generated, and the current goes very high. 
The series field strength becomes greater than the shunt field 
forcing the motor to reverse. Generally, the motor doesn't 
reverse, it stops. When this happens, the current through 
the armature and series windings will go high enough to burn 
out these windings. 

Figure 80 shows a comparison of the torque and speed- 
load characteristics of the shunt, series and compound motors. 

The torque curve for the shunt motor is a straight line because 
the field remains constant and the torque varies directly with 
the armature current. However the curves for the series and 
compound motor show that below full load the torque of neither 
the series nor compound motor is as high as the torque of the 
shunt motor. That is because the field strength of neither the 
series or compound motor reaches its full value until full-load 
current is flowing. 
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LOAD ■ AMPERES 

Rgure 80.— Performance curves of series, shunt end compound wound d,c. 

motors of seme horsepower. 

But wait — you are saying the compound motor has a shunt 
field iust as has the shunt motor. That's the truth, but not the 
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whole truth. The compound motor does have a shunt field, 
but the shunt field of a compound motor doesn't have as 
many ampere-turns as the field of a shunt motor with the same 
horsepower rating. If a compound motor and a shunt motor 
have the same horsepower rating, with full-load current flow- 
ing, the total ampere-turns of the series and shunt fields in 
the compound motor will be equal to the ampere-turns of the 
field in the shunt motor. Thus there is a difference in strength 
between the two shunt fields which is equal to the strength of 
the series field when full-load current is flowing. That is a 
good point to remember when you are comparing the per- 
formance curves of the different motors. 

The speed-load curves of the shunt motor and the com- 
pound motor are almost a straight line from no load to full 
load. However, the speed-load curve for the series motor 
doesn't begin to flatten out until it reaches a point near full 
load, when the field iron is nearing its saturation point for flux. 



SPEED CONTROL 

The speed of a shunt motor which is driving a definite 
load can be varied by changing either the field flux or the 
voltage applied to the armature. This follows from the equation 

E A — E K 

u — 

where I a is armature current at a definite load, Ek is the voltage 
applied to the armature terminals, E g is the counter emf, and 
Ra is the armature resistance. And from the equation 

E g — K*N 

where E K is counter emf, K is the circuit constant, * is field 
flux, and N is speed. 

If the load requirements are such that the armature current 
is constant, then according to the first equation, where Ea 
is constant, E g must remain constant. Therefore, by the second 
equation the speed must change inversely with the field flux. 
That is, if * goes down, N goes up in order to keep E g con- 
stant. Thus the speed of a shunt motor increases when field 
flux decreases, and the speed decreases when field flux is 
increased. 
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METHODS OF OBTAINING SPEED CONTROL 



The most common method used to vary the strength of the 
field flux is to put a variable rheostat in series with the shunt 
field winding, as shown in figure 81 . A 24-percent adjustment 
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Figure SI. — Speed control by using e variable resistor in teriei with 

the shunt field. 

of speed by this method is about all that is practical on the 
ordinary shunt motor. However, especially designed motors 
may give a 6 to 1 variation between maximum and minimum 
speeds. 

From this discussion, you can see that a field rheostat cannot 
be used to decrease the speed of the motor below the normal 
rated speed, and for that reason it is often referred to as speed 

CONTROL ABOVE NORMAL. 

Now, let's see what happens when the voltage applied to the 
armature terminals is reduced. 

If a rheostat is placed in series with the armature of a shunt 
motor (figure 82), the speed would be varied because the volt- 
age across the armature terminals would be changed. But notice 
that the rheostat is not in series with the shunt field. Therefore, 
the shunt field remains constant, except for the small variation 
due to armature reaction. If I a is constant, then by the equation 

Ea — E* 

/a = 

Ra 

E % is going to vary with Ea. Also from the equation 

E E — K*N 

if * is constant, the speed is proportional to £ g . Therefore, if 
* is constant and I a is constant, the speed will be proportional 
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to £a, the voltage applied to the armature terminals. Remember 
the voltage applied to the armature terminals is equal to the 
line voltage less the voltage drop across the rheostat. 

For example, in figure 82, if the load current is 40 amperes 
and the resistance cut into the rheostat is 2.5 ohms, the voltage 
drop across the rheostat is 100 volts (40 X 2.5 = 100, and 
the voltage applied to the armature terminals is 120 volts 
(220 — 100 — 120). 

The following example is a good illustration of how the 
armature method of speed control may be used. Go through 
the solution step by step until you are certain you know exactly 
why each calculation is made. 

A 10 hp., 220 volt, shunt motor running at 1,800 r. p. m. takes 
an armature current of 50 amperes and a field current of 0.35 
amperes. The armature resistance, including the brushes, is 
0.4 ohm. How much resistance must be inserted in the armature 
circuit to reduce the speed to 900 r. p. m. with the same armature 
current ? 

Here is the solution — 

The voltage drop in the armature circuit is 
I A R X _ 50 x 0.4 — 20 volts 

The counter emf at 1,800 r. p. m. is 

E g — Ea — URa = 220 — 20 = 200 volts. 
The counter emf at 900 r. p. m. is 

200 h- 20 — 10 volts. 

Thus the voltage drop across the armature terminals at 900 
r. p. m. is 

10 + 20 =~ 30 volts. 

Therefore the resistance must be sufficient to consume the 
remainder of the line voltage, or 
220 — 30 — 190 volts. 
The current through the resistance is the armature current 
50 amperes, so the resistance Rx of that rheostat is 
190 

Rx — ■ = 3.8 ohms. 

50 

Since by armature control the motor cannot be made to 
exceed its normal rated speed, it is often referred to as speed 

CONTROL BELOW NORMAL. 

When the speed of a shunt motor is adjusted by armature 
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control, the speed regulation becomes very poor $t the lower 
speeds. Also there is a power loss, across the rheostat equal to 
PR. For these reasons, field control is more generally used. 



VOLTAGE DROP • 100 VOLTS 




Figur* 12.— Spttd control by using « vari«bU rotiitor in sorios with armohiro. 



Atmature control is used only where an occasional decrease in 
speed is required, or where the load decreases with the speed 
as in blowers and fans. 



SPEED CONTROL IN SERIES WOUND D.C. MOTORS 

A series motor may have its speed for a particular load 
changed by armature control, using a series resistance. Increas- 
ing the resistance decreases the speed the same as it does in 
a shunt motor, because the series field is constant with a con- 
stant armature current. Also, the speed may be increased by 
field control. There are two ways of doing this. The field 
flux may be decreased by shunting off a portion of the current 
as shown in figure S3 A. When a portion of the current is 
shunted around the series field, the field flux becomes weaker 
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and the spe^d has to go up to generate the required counter 
emf. The same effect may be obtained by cutting down the 
number of turns through which the series field current must 
flow. Figure 835 shows how a number of turns may be shunted 
out of the series field. However, in series motors armature 
control is generally used. 

SPEED CONTROL IN COMPOUND WOUND D.C. MOTOR 

The speed of a compound motor may be adjusted by either 
armature control or field control. The method in either case is 
the same as that used in the shunt motor. Here again the field 
control method is more efficient and most generally used. 
Unless the motor is especially designed the speed adjustment 
does not exceed 25 percent. Where separately excited motors 
are used for propulsion on Naval vessels they are designed to 
operate over a wide range of speed and the ^rmature control is 
often used. But instead of placing a rheostat in series with the 
armature, the field is separately excited from a constant source 
and the voltage to the armature is adjusted by varying the 
output of the generator. 
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CHAPTER 9 



STARTERS AND CONTROLLERS FOR D.C. MOTORS 

WHY USE THEM? 

Have you ever tried to operate an automobile that had no 
starter, steering gear, clutching mechanism, reverse gear, or 
brakes ? 

Sounds absurd, doesn't it? 

Weft, it is. But no more absurd than trying to operate an 
electric motor without some provision for controlling it. If 
you have electric energy available and you want to use it to 
drive the propellers of a ship, what do you do ? You use a motor 
to convert the electric energy to mechanical energy. 

But how about starting, stopping, reversing, and changing the 
speed of the motor? This is where the controllers come in — 
to control the operation of the motor. The manner in which 
a controller works depends on the type of motor and the job 
it is to do. Controllers range from the simple fused line switch 
to large mechanisms which will start, stop, reverse, and control 
the speed of a motor at the touch of a button. 

Controllers are equipped with safety devices for the pro- 
tection of the onerators, motors, and the electric circuit. 
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TYPES OF CONTROLLERS 

There are five distinct types of controllers with reference to 
the degree of enclosure of the control mechanism. 

The open type is not provided with any enclosure. The 
semi protected type has its resistors, connections, and so 
forth mounted on the rear of a panel underneath a protected 
enclosure. The front of the panel is not enclosed. In the 
protected type, the entire controller is contained within an 
enclosure. The dripproof type may be any one of the three 
types already mentioned, but in addition it is provided with 
protection from falling solids or liquids. The waterproof type 
is enclosed in a solid case. All fittings are gasketed and it is 
completely protected against water from the weather or a 
stream from a hose. 

Location will largely determine which of these types will 
be used. 

CLASSIFICATION 

The different types of controllers are also classified accord- 
ing to their construction and principles of operation. 

The across-line switch is a simple fused line switch. It 
is used to start and stop small motors, and may be open or closed 
without using a starting resistance. 

The face-panel type controller consists of a flat insu- 
lated panel upon which are mounted stationary contacts and a 
movable contact arm. The stationary contacts are usually 
mounted in the arc of a circle. The movable contact arm is 
mounted upon a pivot. The manual starter box, figure 84, is 
an example of the face-panel type of controller. 

The drum controller has for its main element a drum which 
can be rotated by a crank or handle. Copper segments are 
mounted on the drum. By rotating the drum, these copper 
segments can be brought into contact with stationary contacts 
in the form of fingers held against the copper segments by 
springs (figure 85). Different positions of the drum bring 
different segments in contact with the fingers, thus making 
or breaking circuits. 
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Motor Terminals 
Figure 84. — Face-penel type motor controller. 



The drum switch makes and breaks circuits mechanically 
by cams as illustrated in figure 86. Several cams of the type 
shown in this figure may be mounted on one shaft and arranged 
to open or close different switches at different positions of the 
cam shaft. The cam shaft may be rotated by hand or a motor. 

The pneumatic contactor controller makes and breaks 
circuits by separate switches controlled by air pressure. 

The magnetic contactor controller is a device in which 
the circuits the made and broken by electromagnetic contactors. 
An electromagnetic contactor is ordinarily referred to as a 
magnetic contactor. This magnetic contactor is nothing more 
. than a switch operated by a solenoid. You are familiar with 
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Figure 85. — Drum typ# controller. 



the operation of solenoids, so keep that in mind while studying 
magnetic contactors. 

These magnetic contactors, or solenoid switches, are controlled 
by a master switch, which may be anything from a push button 
to a photoelectric cell and may or may not be mounted upon the 
controller panel. In fact, there may be more than one switch, 
thus making it possible to control the motor from several dif- 
ferent places and at a considerable distance from the controller 
and motor. 

The master switch used with the magnetic contactor con- 
troller may be — 

A DRUM CONTROLLER 
A CAM CONTACTOR 
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A DRUM SWITCH 
A LEVER SWITCH 
A PUSH BUTTON 

An automatic switch (float, pressure gauge, etc.) 
The magnetic contactor controller may be no n- automatic, 

SEMI-AUTOMATIC, Or FULL AUTOMATIC. 



SPRING 




Figure 86.— Cam type controller. 



If it is nonautomatic, the operator is responsible for start- 
ing, stopping, and accelerating the motor. Its master switch is 
usually of the drum controller or face-panel type. 

In semiautomatic controllers, starting and stopping is con- 
trolled by the operator. But the rate of acceleration, that is, how 
fast the starting resistance is cut out, is not controlled by the 
operator, but by accelerating contactors. The rate of ac- 
n( fKoco ^ntactors may be adjusted. But this ad- 
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justment is usually made by the manufacturer so that the con- 
troller will meet the requirements of the motor with which it 
is to be used. So don't tamper with them. 

Semiautomatic controllers are usually provided with a master 
drum switch, a lever switch, or a push button. 

With the full automatic controller, starting, stopping, speed 
control, and reversing are performed by the controller, after it 
has once been energized. 

CONTROLLER TERMINAL MARKINGS 

Before you begin studying the circuits, connections, and 
operating principles of various controllers, review the letters 
used to designate different terminals. 



Line Li, L§ 

Armature Am, A$ 

Shunt Field Fm, F» 

Series Field Sm, St 

Pilot Circuit Pi, Pt 

Brake B%, B» 

Clutch , Ct, Ct 

Armature Resistance Ri, R§ 

Field Resistance V%, V% 



When any two of these circuits are joined at the same terminal, 
a combination of the proper letters is used, such as F x S t 
or B 2 C 2 . 

FACE-PANEL CONTROLLERS 

The most common face-panel controllers are the manually 
operated starters and field rheostats with which you became 
familiar while studying for EM3C. Although you have already 
studied the principle of operation of manually operated starters, 
it might be a good idea to go over the main points again. 

Figure 87 shows the starter arm in the off position. If 
a motor were connected to the starter, neither the field 
nor the armature would be energized. But when the starter 
arm is moved to the first contact, the shunt field is energized. 
Also the circuit is completed through the armature and the 
starting resistance in series with it. As the starter arm is 
dvanced to the succeeding contacts mounted on the face of the 
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starter, the resistance is gradually cut out of the armature cir- 
cuit. This operation should take about 30 seconds. During 
the 30 seconds, the motor will build up enough counter emf to 
limit the current to a safe value. 

When the starter arm has been moved across all the contacts, 
all the starting resistance has been cut out, and it is in running 
position. The starter arm is held in running position by the 
magnetic attraction the low voltage coil has for the iron arma- 
ture secured to the starter arm. At any contact back of the 
running position, the starter arm will not be held by the hold- 
ing coil. If it should become stuck or wedged between the off 
and running positions, a part of the starting resistance would 

•y short time. 
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The low voltage coil, or holding coil, is connected in series 
with the shunt field. So if the field circuit opens or the voltage 
drops so low. there is danger of the motor running away, the 
starter arm is released from the holding coil and returned to the 
off position by the arm return spring. This is called low 

VOLTAGE PROTECTION. 

This starter also has a circuit breaker, which automatically 
opens the circuit if the motor is too heavily overloaded or for 
any other reason draws too much current from the line. The 
circuit breaker is automatically tripped by a plunger in the 
series overload coil, which is set to move the plunger when 
the motor current exceeds a safe value. 

The starter shown in figure 88 is similar to the starter shown 
in figure 87. But in addition to the regular features, it has 
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another row of contacts. These contacts are connected to a 
field rheostat for use in controlling the speed of the motor. 

The starter arm is held in the running position by the holding 
coil, but the regulating arm can be moved across the regulating 
contacts to cut resistance in or out of the field circuit. 

The motor needs its full field strength while starting. 
T = K*I. Remember? So a switch to short out the field rheo- 
stat is placed on the face of the starter. 

On the face of each starter you see a fused line, never close 

THIS SWITCH UNTIL THE STARTER ARM IS IN THE OFF POSITION. 

The motor is always stopped by opening the line switch. 

BLOWOUT COIL 

You probably noticed on the face of the starter in figure 87 
an object that looks like two contacts; the ends were labelled 
poles of magnetic blowout coil. If you didn't, take another 
look at figure 87. 

The blowout coil is an essential part of all contactors which 
break circuits carrying a heavy current. Controllers are operated 
frequently; and each time a contactor opens, an electric arc is 
formed across the contactor. Unless some means is provided to 
extinguish this arc, the contacts soon become burned and pitted. 

But by using the magnetic blowout, these arcs are moved 
out to the tips of the contacts and blown out. Furthermore, 
these contact tips are made of materials which are more resistant 
to the heat from the arc than the contact itself. The tips are 
removable and much less expensive than the main contacts. 

How is the magnetic blowout constructed, and how can it 
extinguish an arc? 

The blowout coil consists of a few turns of heavy wire wound 
around a small iron core. The poles of the U-shaped iron core 
are placed on either side of the contacts where the circuit is 
broken. The winding of the blowout coil is connected in the 
line and carries the line current. Thus, there is a strong mag- 
netic field at the exact point where the circuit is broken and 
the arc is formed. 

An electric arc is forced out of a magnetic field just as a 
current-carrying conductor is forced out of a magnetic field. 
Remember that the direction a current-carrying conductor moves 



133 




UJ ~t 



uj o 3 











E 




i 


1mm i i 



ttr uj 



en 



z r.o»- 

u_ < 

o 



Figure It.— Action of blowout coil upon an arc botwoon contact*. 



when placed in a magnetic field is determined by the polarity 
of the field and the direction of the current. The same rule 
applies to an electric arc in a magnetic field. So, by having the 
magnetic field of the blowout coil of the correct polarity, the 
arc can be forced to the tips of the contact and stretched out 
until it is broken. 

The blowout coil winding carries the same current as the 
contactor. So the stronger the arc, the stronger the flux field to 
blow it out. 
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The diagrams in figure 89 show the action of the magnetic 
field upon the arc. Also, you can see in this diagram how the 
main contacts are opened. 

Most magnetic blowout coils have the inner surface of the 
magnet poles lined with asbestos. This prevents the arc from 
jumping to the pole faces. 

In other types of magnetic blowout coils, the arc is blown 
into an insulated channel called an arc chute. Larger contactors 
have the arc extinguished by oil. Regardless of how it is done, 
the main thing is to see that the electric arc is extinguished 
before it has time to burn the contacts. 

DRUM CONTROLLERS 

Figure 90 shows the wiring diagram for a drum controller 
used to start and reverse a shunt motor. This controller has 
two sets of movable contacts, 1 to 5 and V to Z, and two sets of 
stationary contacts, E to J and A to C. 

As previously explained, the movable contacts are copper 
segments mounted upon the drum. In this case, the two sets 
are mounted on opposite sides of the drum. A top view of the 
drum, shown in the small figure in the lower left corner, should 
help you to see how this is done. The stationary contacts are 
also on opposite sides of the drum as shown on the inserted 
figure. They are not fastened to the drum but can make contact 
with the segments on the drum. 

In diagram 90, the movable contacts are laid out flat to 
make it easier for you to trace the circuits. Also the starting 
resistance is shown connected between the stationary contacts G 
to /. Actually these resistors would be in the form of grids which 
would be connected between the contacts G to /. 

Look at the small sketch in the lower left corner, and imagine 
rotating the drum in a clockwise direction. The movable seg- 
ments 1 to 5 would approach the stationary contacts E to / on 
one side of the drum. On the other side of the drum, movable 
segments V to Z would approach stationary contacts A to C. 

Now take a look at the flat diagram. Suppose you rotate the 
drum to your left. Both sets of movable segments will be moved 
toward the left of the flat diagram indicated by the dotted draw- 
ings. The first step of this movement will bring movable seg- 
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Figure 90.— -Diagram of a starting and reversing drum controller. 

ments i and 2 into contact with stationary contacts F and G. And 
movable segments V and W will contact stationary contacts A 
and C. 

Now trace a circuit, shown by the heavy arrows, from L x to 
stationary contact /, through the resistance and contacts / and 
H to G, through the movable segment 2, through the jumper to 
movable segment 1, to stationary contact F, through the jumper 
to stationary contact B, from stationary contact B through the 
armature to stationary contact A, to movable segment V, through 
the jumper to movable segment W, to stationary contact C, and 
to L 2 . Now, trace that circuit again. 

Move the segment another step in the same direction. This 
brings movable segment 3 into contact with stationary conbct 
H. Thus a part of the starting resistance is shorted out. Ths 
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current will flow from stationary contact H to movable segment 
3 and through the jumper to movable contact 2, and continue 
through the same circuit as it did before. Successive movements 
of the controller in the same direction will bring movable seg- 
ments 4 and 5 into contact with stationary contacts / and /, re- 
spectively, thereby shorting out the starting resistance step 
by step. 

This is as far as the controller can be moved in this direction. 
The circuit is from L x to /, to movable segment 5, through the 
jumpers to movable segment 1, to stationary contacts F and B, 
through the armature to stationary contact A, to movable seg- 
ment V, through the jumper to movable segment W 9 to stationary 
contact C and to L 2 . 

You will notice that movable segments 1, 2, V, and W are 
long enough to continue to touch the stationary contacts as the 
drum is rotated. This permits the shorter segments to touch 
the stationary contacts. 

Now trace the circuit (small arrows) through the shunt field. 
Notice the direction of the current. 

To reverse the motor, move the controller to the right. This 
brings the movable segments 1 to 5 arounc to the opposite side 
as shown by the dotted segments 1 to 5. At the same time mov- 
able segments V to Z are moved toward stationary contacts E 
to /. When the controller is moved into the first position in this 
direction, the movable segments 1 and 2 contact stationary con- 
tact B and C. And movable segments V and W contact station- 
ary contacts E and G respectively. 

Before you try to trace any circuits, be sure you have well in 
mind these new positions of the movable elements. Another 
reference to -the small sketch in the lower left corner of the 
figure should help you to see how the movable segments are 
brought into the new positions. 

With movable segments V and W in contact with stationary 
contacts E and G, and movable segments 1 and 2 in contact with 
stationary contacts B and C, you can trace a circuit as shown by 
the arrows, with dotted heads. 

This circuit is from L to stationary contact /, through the 
resistance to stationary contact G, to movable segment W \ 
through the jumper to movable segment V, to stationary con- 
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tact A, through the armature to stationary contact B, to movable 
contact i, through the jumper to movable segment 2, to station- 
ary contact C, and back to L 2 . 

As the controller is advanced step by step in this direction, the 
resistance is cut out step by step by movable segments X 9 Y t 
and Z. 

Again check the direction of the current through the shunt 
field. It hasn't changed. But the direction of the current through 
the armature has changed. Therefore, the direction of rotation 
of the motor is reversed. 

Study the diagram in figure 90 until you are sure you under- 
stand how this drum controller works. Then take a diagram of 
one of the drum controllers used on board your ship. Study 
until you can trace the circuits just as you did in diagram 90. 
Find another drum controller used for a different purpose and 
do the same thing. By then you should be convinced there is 
nothing mysterious about drum controllers. They just provide 
a method by which an operator can make and break circuits. 

Both the movable segments and the stationary contacts are 
fitted with removable copper shoes. These copper contacts should 
be kept in good condition and replaced when they become pitted 
or burned to the extent that they do not make contact over their 
entire surface. 

The contacts are separated from each other by heavy fireproof 
insulation. This prevents arcs jumping from one contact to an- 
other. Always be careful to see that this insulation is back in 
place after the controller has been opened for any reason. 

The contacts are provided with magnetic blowout coils to ex- 
tinguish the electric arcs which are drawn when the circuits are 
broken. And in heavy duty controllers, each contact has its own 
blowout coil. In addition, overload protection and low voltage 
protection are provided. 
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CHAPTER 10 
MAGNETIC CONTACTORS 

SOME WORK AUTOMATICALLY 

The controller shown in figure 91 is of the magnetic con- 
tactor type. You will notice there is a magnetic contactor for 
each line. These contactors are controlled by a starting button. 
There are two auxiliary contacts to keep these line contactors 
closed afer the start button is released. There are line fuses and 
an overload relay for protection. 

A manual control for the field rheostats is used to control the 
speed of the motor. And in addition, there are two series lock- 
out contactors, which are ordinarily called accelerating con- 
tactors. 

Don't let the name accelerating contactors scare you. In 
simple language, they are the contactors which automatically cut 
out the starting resistance as the motor comes up to speed. 

The operator presses the start button and the controller does 
the rest of the work. It closes the main line contactors and cuts 
out the starting resistance at just the right time. This controller 
would, in general, be classified as semi-automatic, but as a par- 
ticular type of controller, it is called an automatic starter. 



139 




HOW THEY WORK 

Before studying the circuits and operating principles of a con- 
troller of this type, you should know how the magnetic contactors 
operate. A magnetic contactor is simply a switch operated by a 
solenoid. The contactor is generally closed by energizing the 
solenoid and is opened by its own weight or a spring when the 
solenoid is de-energized. 

Don't confuse the magnetic contactor with a magnetic relay. 
The magnetic contactor is the switch in the circuit being con- 
trolled, while the magnetic relay is a device which controls a cir- 
cuit according to the changes of current in another circuit. Oper- 
ation of relays and their use with magnetic contactors, will be 
explained later in this chapter. 
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In general, there are two types of magnetic contactors. The 
shunt contactor, as the name implies, is connected across the 
line. Its solenoid coil is wound with many turns of fine wire. 
The series contactor has its solenoid coil connected in the line. 
The coil is wound with a few turns of heavy wire and carries 
the full-load current of the motor being controlled. 

SHUNT CONTACTOR 

Figure 92 shows how a shunt contactor is connected into the 
circuit. The shunt coil of the solenoid is connected in the pilot 
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Figurt 92. — A thuitt contactor. 

circuit, that is, the circuit which is controlled by the start and 
stop buttons. This pilot circuit is across the line, and therefore 
the shunt coil is across the line. 

The stop button is normally closed, and the start button is 
normally open. So, to complete the pilot circuit it is necessary 
for the operator to close the start button. When the start button 
is closed, a circuit can be traced from L x through the start and 
stop buttons, through the shunt coil, and to L 2 — and this ener- 
gizes the solenoid. 

When the solenoid is energized, it attracts the soft iron arma- 
ture secured to the arm of the main contactor. The main con- 
tactors are closed, and a circuit is completed from L, through the 
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But what happens when the start button is released ? Releasing 
the start button breaks the circuit from L, through the start and 
stop buttons, and through the solenoid coil to L 2 . You know that 
if the solenoid is de-energized, the contactor arm will be released. 
So some means must be provided to keep the solenoid energized 
after the start button is released. The auxiliary contacts do 
the job. When the main contactors are closed, the auxiliary con- 
tacts are closed. You will notice that one of the auxiliary con- 
tacts is connected to the main contactor arm, which in turn is 
connected to L lt So when the auxiliary contacts are closed, a 
circuit is completed from L l through the auxiliary contacts, 
through the resistance R l9 and through the shunt coil of the 
solenoid to L 2 . Now the shunt coil circuit is complete, and the 
solenoid holds the contactor arm in a closed position. 

To de-energize the solenoid and open the main contactors, 
press the stop button. This breaks the solenoid circuit. The 
main contactors are then opened, along with the auxiliary con- 
tacts. The solenoid remains de-energized until the start button 
is pressed again. 

You know that it takes a stronger solenoid to close the 'main 
contactor than to keep it closed. At the time the start button 
is pressed, there is no resistance in the shunt coil circuit. 
Enough current flows in the circuit to give the solenoid the 
number of ampere-turns required to close the contactor. Once 
the contactor is closed, the ampere-turns may be reduced, be- 
cause less magnetic attraction is required to keep the contactor 
closed. So, the current through the shunt coil may be reduced 
by putting the resistance R } in the circuit and thus protecting 
the coil from damage. 

Here is a point to remember in case the contactor arm should 
have a tendency to remain closed after the stop button has been 
pressed. The iron armature on the contactor arm and the iron 
core of the solenoid may retain some residual magnetism. A 
contactor which is designed to open by its own weight might be 
held closed by this residual magnetism. To prevent this, the iron 
armature of the contactor arm is separated from the iron core of 
the solenoid by a small air gap or some non-magnetic material 
such as a strip of brass. 

The shunt contactor is particularly suitable for remote con- 
trol systems. Since the shunt coil is wound with fine wire and 



142 



carries a small current, the master start-stop switch may be lo- 
cated a considerable distance away. The conductor connecting 
the master switch may be of the smallest wire in general use 
aboard ship. It is also possible to control the shunt contactor 
from several different places by putting more master start-stop 
switches in the pilot circuit. 

Contactor panels may be arranged in so many different ways 
that it would be impractical to try to cover all of them in this 
book. But the operation of all these panels depends upon a 
few elementary principles. You should be thoroughly familiar 
with these principles, and the contactor panels explained in this 
chapter are presented for that purpose. Study them until you 
understand the operating principles employed in each one. 

ACROSS-LINE STARTER 

Figure 93 shows a wiring diagram for an across-line con- 
tactor panel more commonly known as an across-line 
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starter. This type of starter can be used with small motors, 
which require no starting assistance. 

This panel is connected to the line by a fused double-pole, 
single-throw, knife switch. When the knife switch is closed, 
the shunt coils of the solenoid of main line contactors M x and M 2 
are energized. This causes the solenoid to operate and to close 
the main line contactors. When the main line contactors are 
closed the motor is connected directly across the line. 

The shunt coils are continuously energized while the knife 
switch is closed and the motor is running. The coils will gradu- 
ally heat up. And unless some provision is made to cut down the 
heating effect, the insulation on the coils will deteriorate. The 
heating is prevented by placing a resistance in the shunt coil 
circuit after the contactors have been closed. You can see how 
this is done by referring to figure 93. 

When the main line contactors are open, the resistance R is 
shunted out of the shunt coil circuit by the bridge B. This 
bridge is mechanically connected to the arm of main contactor 
M x . When the main contactor M t closes, the bridge B is lifted 
from the contacts of the resistance R. The resistance R is no 
longer shunted but is in the shunt coil circuit. This added re- 
sistance in the shunt coil circuit reduces the current to a value 
which is sufficient to keep the main contactors closed, but will 
not cause the coils to overheat. 

This type of starter can be used only on small motors that 
may be connected directly across the line. It doesn't provide a 
method for speed control, and it isn't automatic. The only 
safety feature is the protection given by the line fuses. 

An across-line starter that can be connected for remote con- 
trol operation is shown in figure 94. Only one main line con- 
tactor is shown in this starter. However, the same principle can 
be applied to any number of contactors. 

On this panel, when the line switch is closed, the shunt con- 
tactor coil is not energized. It is energized by the pilot circuit 
and the start-stop push buttons. 

When the start button is pressed, the shunt coil of the main 
contactor is energized and the main contactor closes. At the 
same time the auxiliary contacts at H are closed. This completes 
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Figurt 94. — Across-lin# itart«r with rtmot# control. 

a circuit through the stop button and the shunt coil. The start 
button then may be released. 
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Figure 95. — Across-lin. starter with the. r.mot. control ttart-ttop 

switches indicated. 
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To stop the motor, simply press the stop button. This breaks 
the circuit through the shunt coil and the main contactor opens. 

Figure 95 shows how this starter may be controlled from 
several points. As many start-stop buttons as desired may be 
used. The main thing you should notice in this diagram is how 
the buttons are connected. The start buttons are connected in 
parallel, and the stop buttons are connected in series. Re- 
member that when connecting more than one start-stop button 
in a control circuit — connect the start buttons in parallel and the 
stop button in series. 

FLOAT SWITCH 

Figure 96 shows how a starter of this type can be operated 
automatically by a float switch, which takes the place of the 
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Rgur* 96.— Float switch. 
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start-stop button. Also notice there are two control wires in the 
pilot circuit instead of three as in the previous examples. 

When the water raises the float above a certain level, knob 
Y raises arm A. Arm A swings the weight to the left. Projection 
P opens the auxiliary switch S. This de-energizes the shunt coil 
and the main contactor opens, stopping the motor. 

When the water goes down to a certain level, knob X forces 
arm A downward. This swings the weight to the right and the 
spring closes auxiliary switch S. The shunt coil of the contactor 
is energized and the contactor closes. The motor starts and 
runs until the water reaches a level which will cause the float to 
again open the shunt coil circuit and stop the motor. 

By adjusting the knobs X and Y 9 the water can be kept within 
the desired level limits. 

Similarly a pressure switch, a scale switch, a limit switch, a 
thermostat, a thermocouple, or a photo cell could be placed in the 
pilot circuit to control the magnetic contactor. 

Now for the difference between the three-wire control circuit 
and the two-wire control circuit. 

If the magnetic contactor has a three-wire control circuit as 
shown in figure 94, it automatically opens upon voltage failure. 
And it will remain open after the voltage is restored, until the 
start button is pressed. This is known as low voltage protec- 
tion. Such protection is essential on all machines that can 
cause damage by starting unexpectedly. 

If the magnetic contactor has two-wire control as shown in 
figure 96, the motor will start automatically when voltage is re- 
stored after a failure. This type of protection is called low 

VOLTAGE RELEASE PROTECTION. 
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OVERLOAD PROTECTION 
OVERLOAD RELAY 

Overload protection may be obtained by a fuse, or by mag- 
netic or thermal overload relays. 

Figure 97A shows how a magnetic overload relay may be 
connected in the control circuit. When an overload of current 
causes the relay to operate, it de-energizes the shunt coil of the 
control circuit. The contactor opens and the power is cut off. 
The relay then drops back into its normal position and the control 
circuit is again complete. However, the main contactor doesn't 
operate because the auxiliary contacts also opened when the 
main contactor opened. So the motor doesn't start again until 
the start button is pressed. In the meantime, the cause of the 
overload can be removed. 

One type of overload relay, figure 97 B, consists of a solenoid 
with a movable iron core which serves as a plunger. The solenoid 
is wound with a few turns of heavy wire and is connected in 
series with a load. 

The solenoid is set to lift the plunger when the current through 
^ v ^^rir. « "redetermined value. When the oluncer is 
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lifted above its normal position, it opens the relay contacts. This 
relay has an instantaneous trip, and must be set so that it will 
not be opened by a high starting current, but will trip only when 
the load current becomes abnormally high. 

By adding a dash pot to the relay core, it can be made into a 
time delay overload relay. This prevents the relay from 
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Figure 97. — OvtHoid r#Uy. 

tripping when a momentary increase in current is present such 
as at starting. But if the overload continues, the relay will trip 
after a brief period. 

OVERLOAD RELAY USED WITH TWO-WIRE 
CONTROL SYSTEMS 

The overload relay just described works O.K. in a three-wire 
control. But to make it work in a two-wire control, it is neces- 
sary to add another winding on the solenoid. 

Figure 98 shows an overload relay connected to operate in 
a panel that does not have three-wire control. You will notice 
that in addition to the heavy series overload coil OL 9 the solenoid 
has another coil C, called a holding coil. It has many turns of 
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fine wire and is connected directly across the line. Thus, it is 
energized when the line switch is closed and remains energized 
until the line switch is opened. 

Li L, 

«-T0 LINE SWITCH 




Rgurt 91.— Overload rtUy with shunt holding coll. 

The magnetic pull of the holding coil C is in the same direction 
as the overload coil OL. The holding coil alone is not strong 
enough to lift the relay plunger, but it is strong enough to hold 
the plunger up once it has been raised. 

When the load current exceeds a predetermined value, the 
overload coil raises the plunger. The shunt coil circuit opens 
and the main contactors open. The motor stops. But when the 
main contactors open, the overload coil OL is de-energized. If 
there were no holding coil, the plunger would drop, completing 
the circuit through the shunt coil. The contactors would close 
again and current would flow through the overload coil. If the 
overload still existed, the relay would open the shunt coil circuit 
again. You can see how this would result in a continual clatter- 
ing of the overload relay and main contactor. But with the hold- 
ing coil on the relay, the relay keeps the control circuit open 
until the operator can open the line switch and remove the cause 
of the overload. Then the panel is ready to operate again. 
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MAGNETIC CONTACTOR PANEL WITH STARTING 

RESISTANCE 



Figure 99 shows how magnetic contactors can be used to cut 
out starting resistance. Four positions are shown for the start- 
ing arm. Close the line switch when the starting arm is in off 
position. 

Moving the starting arm to the first position makes it contact 
segment 1. The shunt field is now connected directly across the 
line. Trace the circuit from L x through the starter arm, segment 
i t terminal F l9 the shunt field, and terminal F 2f to L 2 . Notice 
that this circuit will be the same regardless of the next two 
positions of the starting arm. 
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Figure 99. — Magnetic contactor circuit with starting resistance. 



Also trace a circuit from L 1 through the starter arm, segment 
i, and the shunt coil of contactor M lt to L 2 . Thus the shunt coil 
is energized and contactor Af, is closed. This completes a circuit 
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from L x through contactor M x and starting resistance R x to R z , 
and through the armature to L 2 . Both the field and armature are 
excited, so the motor starts. 

The starter arm is then moved to the second position, where 
it makes contact with segment 2. A circuit is completed through 
the shunt coil of the contactor M 2 . Contactor A/ 2 is closed, and 
a circuit is completed from L x through resistance R 2 to 7? s , and 
through the armature to L 2 . The resistance R } to R 2 has been 
shunted out. 

Finally the starting arm is moved to the third position, where 
it makes contact with segment 3. This completes a circuit 
through thje shunt coil of contactor Af 3 . Contactor Af 3 is closed, 
and a circuit is completed from L x through contactor Af 3l to 
the armature, and to L 2 . The entire starting resistance has been 
shunted out. 

If the starting resistance is heavy enough to carry the load 
current continuously without overheating, this panel could also 
be used to obtain speed control below normal. The resistance 
could be cut in and out of the armature circuit by shifting the 
starter arm. Positions 1, 2, and 3 would give three speeds — the 
normal speed in position 3 and lower speeds in positions 2 and 1. 

You will notice that the shunt coils of all three contactors are 
across the line at full speed. To reduce the heating effect, a 
resistance such as the one shown in figure 93 would be provided. 
It has been omitted here to simplify the wiring diagram. 

A panel of this type can be used on a moderately sized motor 
and where automatic control isn't desired. 

CUTTING OUT STARTING RESISTANCE AUTOMATICALLY 

In figure 100 you can see how magnetic contactors are used 
to cut out starting resistance automatically. You will notice 
that in addition to main contactor M there are three accelerating 
contactors iR, 2R, and 3/?. Be sure you see the two series re- 
lays C and B f and the two mechanically operated bridges E 
and F. 

The series relays C and B are normally kept closed by their 
own weight. But if current exceeding the predetermined value 
flows through the series coil of relay C, the plunger is lifted and 
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the circuit is opened at point X. When the current goes below 
this predetermined value, the plunger drops and closes the circuit 
at X. Relay B operates in the same manner. However, the series 
coil operates the plunger B on a lower value of current than is 
required by relay C. 

The bridges E and F are connected mechanically to the arms 
of contactors iR and 2/?, respectively. When contactor iR is 
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Rgurt 100. — Contactor panal for reducing starting r#ti$t«nc* automatically. 



closed, the bridge E closes the circuit at that point. Similarly, 
when contactor 2R closes, bridge F closes the control circuit at 
that point. 

Now suppose you put the panel to work, and let it cut out the 
starting resistance as the motor comes up to speed. 



HOW IT WORKS 

Close the line switch and press the start button. A circuit 
is completed from L x through the start button and stop button 
to shunt coils M and iR to L 2 . Notice that the current can't go 
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through shunt coils 2R and $R, because bridges E and F are 
open. Contactors M and iR are closed. This completes a circuit 
from L x through contactor M f through the armature, through 
the resistance R x to R 3f through the series relay coil C, and 
through contactor iR to L 2 . Also notice that the circuit through 
the shunt field is completed. The motor starts. 

When accelerating contactor iR closed, the bridge E also 
closed. This would appear to complete the circuit through the 
shunt coil of iR, but something else happens which prevents 
this. At starting, the motor draws a high current. This current 
flows through the series coil of relay C. The high current causes 
the relay to operate and the circuit to the shunt coil of contactor 
2R is opened at point X. 

However, as the motor speed increases and the counter emf 
builds up, the current is reduced. When the current is reduced 
to the correct value, the series relay drops back to its normal 
position and closes the circuit at point X. 

There is now a circuit through shunt coil 2R. Contactor 2R 
closes, and a new circuit may be traced from L t through con- 
tactor M, the armature, resistance R 2 to 7? 8 , and contactor 2R 
to L 2 . The resistance from R x to R 2 has been shunted. 

The mechanically operated bridge F is closed when contactor 
2R is closed, but the control circuit through shunt coil 3/? isn't 
closed. It isn't closed because series relay B opens the cir- 
cuit at Y. 

Remember — when contactor 2R closed, part of the armature 
resistance was shunted out. Therefore, the speed of the motor 
increases and the counter emf goes up, further reducing the 
armature current. This reduction in current permits the plunger 
of series relay B to drop to its normal position, completing the 
circuit through shunt coil 3/? and closing contactor 3/?. When 
contactor 3/? closes, the entire starting resistance is shunted and 
the motor has reached its normal operating speed. 

To use this type panel, it will be necessary for you to provide 
some method to prevent the shunt coils of the contactors from 
overheating. You can do this by putting a resistance in series 
with them after all the contractors have been closed. 

Another method would be to place a resistance in series with 
the main line contactor coils and cut out the shunt coils of the 
other contactors when the motor reaches full speed. The first 
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method has been explained. The other method will be explained 
later in this chapter. 

DISCONNECTING ACCELERATING CONTACTORS AT 

FULL SPEED 

Figure 101 is a diagram of a shunt contactor panel in which 
two of the accelerating contactors drop out of the line when the 
motor comes up to full speed. Also, it shows how a resistance 
is placed in series with each of the shunt coils of the other con- 
tactors when the contactors are closed. 

Notice the bridges C, D, E t and F. They are connected me- 
chanically to the arms of contactors M 9 iR, 2R, and 3/? re- 
spectively. You will also notice that the bridge C is normally 
open, but closes when contactor M closes. Bridge D normally 
rests on the lower set of contacts, but is across the upper con- 
tacts when contactor iR is closed. Bridge E works similarly with 
contactor 2R. Bridge F normally shorts together three contacts, 
but when contactor 3/? closes, the bridge is lifted and the circuits 
through the three contacts are opened. 

Series relays L, M, and N are operated by the current through 
contactors M, iR, and 2/?, respectively. These relays are closed 
when the circuits through the contactors are de-energized. Each 
relay is opened when the current through its series coil exceeds 
a predetermined value. The relay closes again when the current 
drops below a certain value. 

Notice that relays L, M, and N open and close the control cir- 
cuits through shunt coils iR, 2R 9 and 3/?, but they are caused to 
operate by the armature current through contactors M, \R t 
and 2R. 

Now suppose you close the line switch, press the start button, 
and see how this panel operates. 

HOW IT WORKS 

When the line switch is closed and the start button is pressed, 
a circuit is completed through shunt coil AT , through bridges D 9 
E, and F to L 2 . Contactor M is closed, and a circuit is completed 
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from L, through A/, through the starting resistances J? lf R 2 , 
and /? 3i and through the armature to L 2 . 

When contactor M closes, bridge C is lifted to complete a 
circuit through the shunt field. It also appears that a circuit 
through the shunt coil iR would be completed. But the high 
starting current through the series coil of relay L causes the 
relay to operate and the circuit through shunt coil iR to be kept 
open. However, as the motor picks up speed, the starting cur- 
rent is reduced. When the current is reduced to the correct value, 
relay L drops back into a closed position. The circuit through 
shunt coil iR is completed, and the contactor closes. 




Figure 101. — Shunt contactor p«n«l with two automatic disconnecting 

occolorotor contactors. 

When contactor iR closes, resistance R x is shunted out of the 
armature circuit. The motor speed increases and the starting 
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When contactor iR closes, bridge D is lifted. This does two 
things. It breaks the original circuit through shunt coil M and 
places the resistance X in the circuit. Resistance X prevents the 
shunt coil M from overheating. The bridge is also lifted into 
contact with the upper set of contacts and completes a circuit 
through shunt coil 2R. That is, the circuit is complete when 
relay M closes. Relay M was opened by the armature current 
through its series coil, and it closes when the armature current 
is reduced to the correct value. Thus a circuit through shunt coil 
2R is completed and contactor 2R closes. Starting resistance R 2 
is now shunted out of the armature circuit. 

When contactor 2R closes, bridge E and relay N operate to 
complete the circuit through shunt coil 3/?, just as bridge D and 
relay M completed the circuit through shunt coil 2R. 

Contactor 3/? is closed and the entire starting resistance is 
shunted out. When contactor 3/? closes, bridge F is lifted from 
the three contacts in the control circuit. This opens the circuit 
through shunt coil iR, and contactor iR opens. When contactor 
iR opens, bridge D drops. The circuit through shunt coil 2R 
is opened, and contactor 2R opens. Bridge E drops. The orig- 
inal circuit through shunt coil 3/? is opened, but the shunt 
coil isn't de-energized. When the contactor 3/? closes, the 
auxiliary contacts at G complete a circuit through resistance Z 
and shunt coil 3/?. This keeps 3/? closed. 

So you have two contactors, iR and 2R, out of the circuit. 
Furthermore, the shunt coil M is protected by resistance X, and 
shunt coil 3/? is protected by resistance Z. 

OL is an overload relay for protection against overloads. 

SERIES CONTACTORS 

On all the magnetic contactor panels discussed so far, the con- 
tactors are controlled by shunt coils. And the shunt coils are 
controlled by other devices placed in their circuits. 

The operation of the series contactor is quite different from 
the operation of the shunt contactor. The operation of the series 
contactor depends upon the value of current flowing in the 
series coil. The series coil of the series contactor carries the 
line current ; therefore the operation of the series contactor de- 
oends uoon the amount of current flowing in the line. 
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The series contactor is held open by a current when it 
exceeds a predetermined value, and closes promptly when 
the current drops below this value. Pin that down, and remem- 
ber it! 

The series contactor shown in figure 102 is a single coil 
lockout contactor. Its operation depends upon the satura- 
tion of a portion of the magnetic circuit. 




A B 

Figure 102.— Single coil lockout contactor. 

You will notice there are two magnetic circuits — one through 
yoke C, and the other through tail piece D. The flux through 
C tends to close the contactor, and the flux through D tends 
to hold it open. 

Take another look at the figure to make sure you understand 
how these two magnetic circuits affect the operation of the 
contactor. The flux through C tends to close it and the flux 
through D tends to hold it open. 

Also notice that the cross section of yoke C is much smaller 
than the cross section of tail piece D. That means C will become 
saturated with flux much more easily than D. As long as the 
flux is below the saturation point of C most of the flux will go 
through C because the air gap at X increases the reluctance of 
path D. However, when the current through the series coil 
goes high enough to cause the magnetic flux to saturate C, 
the flux will then eo through D. 
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When the current through the series coil exceeds a certain 
value, C becomes saturated and most of the flux goes through D. 
This holds the contactor open. 

When the current goes below this value, C is no longer 
saturated. Almost all the flux will go through C, and the con- 
tactor is closed. 

As the contactor closes, the air gap X is increased and still 
less flux goes through D. Thus the pull which tends to keep the 
contactor open is decreasing. Also, as the contactor closes, the 
distance between the armature Y and the tail piece is decreased, 
and the magnetic pull becomes greater. This causes the contactor 
to close rapidly and hold together with considerable force. 

Ordinarily the contactor would close as the current is increas- 
ing, because C must become saturated before flux begins to build 
up in D. This difficulty is overcome by putting the copper 
sleeve E around C. 

As the current increases, the flux field builds up. The flux field 
sweeping across the copper sleeve E induces a voltage in the 
copper sleeve. The sleeve is a closed circuit with low resistance, 
and a large current flows. The induced current flowing in the 
copper sleeve sets up a magnetic field which opposes the 
main flux field and prevents it from passing through C. This 
causes the flux to go through D first and the contactor is 
held open. 

The contactor may be set to operate on different values of 
current by adjusting the air gap at X. If the air gap is in- 
creased the contactor will close on a lower value of current. 
If the air gap is decreased the contactor closes on a higher 
value of current. 

DOUBLE COIL LOCKOUT CONTACTOR 

» 

Another type of series contactor is shown in figure 103A It 
is the double coil lockout contactor. Both coils are con- 
nected in series with the armature of the motor. The upper coil 
D closes the contactor, and the lower coil C holds it open. 

The iron surrounding coil D is worked near the saturation 
point. Its magnetic pull is strong at low values of current 
and increases only slightly as the current increases. 
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The iron around coil C is not saturated. Therefore the mag- 
netic pull of this coil increases rapidly with any increases in 
current. 

The graph shown in figure 103Z? shows how the magnetic pull 
of each coil varies with the current. As the current increases 




A B 

Figure 103. — DoubU coil s«rioi contactor. 



from zero to point X 9 the magnetic pull of the coil D increases, 
as shown by the dotted line. The pull of coil C is shown by 
the solid line. When the current exceeds the value at X, the pull 
of coil C increases rapidly. But the iron around coil D has be- 
come saturated and its pull increases very slowly. 

Thus when the current is high, coil C holds the contactor 
open. But when the current decreases below a certain value such 
as point X, the pull of coil C decreases more rapidly than the 
pull of coil D, and coil D closes the contactor. 

The adjusting screw S is used to set the contactor for opera- 
tion on different values of current. 

SERIES CONTACTOR PANELS 

Figure 104 shows the wiring diagram of a simple starter with 
single coil lockout contactors. The main contactor M is of 
the shunt type and is controlled by the start-stop buttons. When 
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the start button is pressed, the main contactor M is closed. The 
shunt field is connected across the line and the starting resistances 
R l and R 2 are connected in series with the armature. 

As soon as the counter emf reduces the armature current to 
the value at which contactor iR is set to operate, iR closes. This 
shunts out the resistance R x and inserts the series coil of con- 
tactor 2R in the armature circuit. 



L, L, 
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Figure 104. — SingU coil lockout contactors. 



The speed of the motor increases, because the resistance R x 
has been cut out. The counter emf also increases, and the arma- 
ture current is reduced. When it is reduced to a value at which 
contactor 2R is set to operate, 2R closes and puts the armature 
directly across the line to operate at full speed. 

DOUBLE COIL LOCKOUT CONTACTORS 

Figure 105 shows a panel with double coil lockout contactors. 
You will notice that the main contactor M is again a shunt con- 
tactor and is controlled by a master switch. 
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When the start button is pressed, the shunt contactor Af 
closes. This puts the shunt field across the line and all the 
starting resistance in series with the armature. 

When the counter emf reduces the current to the correct 
value, contactor iR closes. This shunts out resistance R x and 
the bottom coil D of the contactor. At the same time both coils 
E and F of contactor 2R are put into the armature circuit. 

The speed of the motor increases because the resistance /?, is 
cut out of the circuit. The counter emf goes up and the arma- 
ture current is reduced. When the current is reduced to the 
value at which contactor 2R is set to operate, 2R will close. 
When contactor 2R closes, resistance R 2 is shunted out and the 
bottom coil F of contactor 2R is also shunted out. And the cir- 
cuit is completed through both coils G and //of contactor 3/?. 

L, L t 

i l 




1 ^.0,00.0,/^ 

Figurt 105. — DoubU coil f«rl*s contactor panel. 

When the armature current goes down to the correct value, 
contactor 3/? closes and the armature is directly across the line. 
The entire starting resistance and the bottom coil //of contactor 
3/? have been shunted out. 
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Contactor panels employing series contactors are often re- 
ferred to as current limit starters, because the operation of 
the accelerating contactors depends upon the value of the arma- 
ture current. 

Because of their simplicity, these panels require practically 
no interlocks and are not likely to cause trouble. However, some 
of them are not suitable for handling light loads, because the 
contactors will not remain closed. 
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CHAPTER 12 
CIRCUIT BREAKERS 
THEY PROTECT THE CIRCUITS 

Figure 106 shows a special electric switch used to protect 
electrical circuits. It is called a circuit breaker — and break 
circuits is exactly what it does. It is generally designed to open 
the circuit when some abnormal condition, such as an overload, 
occurs. 

The circuit breaker occupies more space than a fuse and its 
initial cost is higher. However, in many ways it is superior to 
the fuse. The circuit breaker can open the circuit more quickly 
and it can be reset easier after the cause of the overload has 
been removed. It may be adjusted to operate on different 
values of current and have a time element added to prevent 
opening of the circuit on a momentary overload that will do no 
harm. In addition to the overload protection feature, the circuit 
breaker may be made to give protection against voltage failure 
and reversed current. Furthermore, the circuit breaker may be 
onened and closed by remote control. 

its 



ONE TYPE OF CIRCUIT BREAKER 



The circuit breaker shown in figure 106 has three sets of con- 
tacts — the main contact and two auxiliary contacts. That 




Figure 106.— Circuit br#ak#r. 



is a characteristic of nearly all circuit breakers, and nearly all 
operate in the same manner. 

The main contact A is made of thin strips of copper curved 
into the form of an arc and pressed very closely together. This 
laminated construction of the contact permits it to close on the 
stationary contacts with a wiping motion and to fit evenly over 
the entire surface. 

The auxiliary contacts B are called arcing contacts, both of 
which are provided with removable carbon tips. These contacts 
are carried by long copper springs. 

The other auxiliary contacts, or intermediate contacts C, are 
just above the main contact. The movable part consists of a 
heavy copper spring with a removable copper tip. 

HOW IT WORKS 

When the breaker opens, the main contact opens first. 
But no arc is drawn across the face of the contact because there 

?c ctill a tvath fr\r tVi#> current through the attviKtrv rrmta/**c Time 
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the surface of the main contact is kept smooth and of low re- 
sistance in order to carry the full load current without loss. 

The intermediate contact opens next. A small arc may 
be drawn when this contact opens because the remaining circuit 
through the carbon tips of the arcing contacts has a rather high 
resistance. But it is better to have the arc across this contact 
than across the main contact. The copper tip on the intermediate 
contact may be replaced much more easily and cheaply than the 
main contact. 

The arcing contact opens last. The most severe arc is 
drawn at this point. But the carbon tips withstand the heat 
fairly well and aren't burned away as rapidly as copper. Fur- 
thermore the carbon tips are easily and cheaply replaced when 
they are burned too badly to be used. 

When the circuit breaker closes, the arcing contacts close 
first, the intermediate contact next, and the main contact last. 

This order of operation of the contacts upon opening and 
closing of the circuit breaker eliminates practically all arcing 
and pitting of the main contacts. The degree of protection 
which the auxiliary contacts give the main contacts depends upon 
the condition of the auxiliary contacts. It is important to keep 
them properly adjusted and to renew the tips occasionally. 

CIRCUIT BREAKER CLOSING MECHANISM 

The mechanism which closes the circuit breaker may also be 
seen in figure 106. The contacts are pressed into the closed po- 
sition by pulling downward on the closing arm. The closing 
arm is latched in the closed position by a trigger. Notice this 
trigger D in both the open and closed views of the circuit breaker 
in figure 106. 

When the trigger is tripped, the circuit breaker is pulled 
open by its own weight, or by a spring. Remember, both the 
auxiliary contacts are mounted upon heavy copper springs. These 
springs help to give the breaker a swift and sure action when 
the trigger holding the breaker closed is tripped. 

A SERIES CIRCUIT BREAKER TRIP COIL 

The trigger on the circuit breaker may be tripped by hand, but 
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it is usually done automatically. It is tripped automatically by a 
trip coil, as shown on the circuit breaker in figure 107. The trip 
coil may be of either the shunt or series type. Figure 107 shows 
a series trip coil which consists of a few turns of heavy cop- 
per bar around an iron plunger. 




Figure 107. — A circuit breaker trip coil. 

The coil is connected in series with the contacts. When the 
current through the circuit exceeds a predetermined value, the 
magnetic field around the coil lifts the plunger. The plunger 
trips the trigger on the circuit breaker, which is thrown open. 

The series trip coil is commonly used on circuit breakers up 
to 500 amperes capacity. Above this capacity the shunt trip coil 
is generally used. But don't get the idea that the shunt trip coil 
is used only on the higher capacity circuit breakers. It is used 
on all sizes. In fact it has several advantages over the series 
trip coil. With the shunt trip coil the circuit breaker may be 
opened and closed from remote points by a control switch, a 
pushbutton, or a relay. It is used with circuit breakers to give 
protection against undervoltage and reversed current. 

A SHUNT CIRCUIT BREAKER TRIP COIL 

The shunt trip coil is connected across the positive and nega- 
tive fuses of the main line, but the circuit is normally open and 
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the coil is de-energized. To trip the circuit breaker, the coil is 
energized by completing the circuit through it — this lifts the 
plunger and trips the circuit breaker. 

For automatic operation, the circuit through the shunt coil is 
closed by an overload relay, which is actuated by the main 
line current. It isn't connected to carry the main line current, 
but is connected across an ammeter shunt placed in the circuit. 
Or it may be connected across a section of bus bar or cable with 
the same resistance as the ammeter shunt. 

The voltage drop across the ammeter shunt varies directly with 
the load current. So, if the coil of the relay is connected across 
the ammeter shunt, the voltage drop across the coil will vary 
with the load current. However, this voltage drop across the 
ammeter shunt is very low, usually a few milli-volts. So the 
overload relay is very sensitive and is designed to operate on 50 
to 100 milli-volts. 

The overload relay is designed to operate when the line cur- 
rent exceeds a predetermined value. When the current exceeds 
this value, the voltage drop across the relay coil causes the re- 
lay to operate and close the circuit to the shunt trip coil. The 
trip coil operates and trips the circuit breaker. 

A circuit breaker which opens automatically when an over- 
load occurs on the circuit is called an overload circuit breaker. 

UNDERVOLTAGE CIRCUIT BREAKERS 

An undervoltage circuit breaker is designed to open if the 
voltage fails or falls below a safe value. This circuit breaker 
may be the same kind that is used for overload protection, but 
the tripping device is different. As a matter of fact, both 
undervoltage and overload protection may be incorporated in 
the same circuit breaker. 

The undervoltage tripping device is built in such a manner 
that its magnetic coil pulls the plunger away from the trigger 
of the circuit, or circuit breaker. The plunger is pulled toward 
the trigger by a spring. As long as the voltage across the coil 
is normal, the magnetic pull of the coil is greater than the 
pull of the spring. Thus the plunger is held away from the 
trigger of the circuit breaker. But when the voltage fails or falls 
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below a predetermined value, the pull of the spring is greater 
than the magnetic pull of the coil and the plunger is lifted against 
the trigger. The circuit breaker is tripped and the circuit is 
opened. 

REVERSE CURRENT CIRCUIT BREAKERS 

By putting a reverse current relay in the circuit of the trip 
coil, the circuit breaker may be made into a reverse current cir- 
cuit breaker. That is, it opens the circuit only in case of a 
reverse current. Overloads do not cause it to open. 

The trip coil is shunt wound and its circuit is controlled by a 
reverse current relay. The reverse current relay consists of 
two elements or windings which react upon each other in a man- 
ner similar to the reaction of the field and armature of a motor. 
One element is called the potential or voltage coil, and the 
other is called the current coil. 

The potential coil, connected directly across the positive and 
negative busses, maintains a constant field flux. This coil is 
stationary. 

The current coil is movable and is connected across an am- 
meter shunt in the load line. The direction of current through 
the current coil depends upon the direction of the current 
through the ammeter shunt. As long as the current is in the 
normal direction, the coil tends to turn in a direction which 
holds the relay contacts open. This keeps the shunt trip coil of 
the circuit breaker de-energized. But if the current through the 
ammeter shunt is reversed, it is also reversed through the cur- 
rent coil of the relay. The coil tends to move in a direction that 
closes the relay contacts. When the relay contacts are closed, 
;he shunt trip coil is energized and the circuit breaker is tripped 
open. 

The reverse current relays may be adjusted to operate at the 
desired amount of reverse current. 

Reverse current circuit breakers are used on naval vessels in 
connection with storage battery operation, especially on charg- 
ing panels. They are also used in paralleling generators. 

Circuit breakers may be of single, double, or triple pole con- 
struction. Figure 106 shows the single pole type and figure 107 



170 



shows a double pole type. Circuit breakers aboard naval vessels 
are built so that they are not liable to trip when subjected to 
successive heavy shocks, as from gunfire. They are designed to 
operate on voltages between 125 and 500 volts and with capacities 
ranging from 15 to 6,000 amperes. 

BRAKES FOR D.C. MOTORS 

Motors used to drive winches, capstans, and anchor windlasses 
are equipped with automatic brakes. On some jobs the brakes 
are used only to stop and hold the load. On other jobs the 
brakes are used for lowering loads. 

The waterproof solenoid brake shown in figure 108 is 
typical of the automatic brakes used to stop and hold loads. The 
brake wheel K is keyed to the shaft of the motor. The brake 
shoes G are pressed against the brake wheel by the spring M 
acting through rod F. The braking torque is determined by the 
tension of the spring. A solenoid, located in the watertight 
housing /, is connected to carry all or a part of the armature 




Figure 101. — Waterproof soltnoid brftko. 

current. When current is applied to the motor, the solenoid 

2m {he iron plunge downward This nulls 
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the brake liner A downward. The resulting lever action on the 
rod F and the brake arm H pushes the brake shoes apart, com- 
presses the spring M , and relieves the brake pressure. 

If the current to the motor is cut off or fails, the solenoid 
is de-energized. The compressed spring applies the brake pres- 
sure immediately. The motor is stopped quickly, and the load 
is held until the motor is started again. 

The solenoid. plunger is designed to travel a very short dis- 
tance. But as the brake shoes wear, the travel distance increases. 
This travel distance must be compensated for by shifting the 
adjusting nut N on the connecting rod F. 

The brake shoe clearance is equalized by the adjusting nut 
shown at C. The braking torque is regulated by adjusting the 
nut at D. B is the mechanical release mechanism. 

DYNAMIC BRAKING 

Dynamic braking is especially suitable on motors used for 
lowering loads. Figure 109 is a schematic diagram of a motor 
connected for dynamic braking. 




Figurt 109. — Dynamic braking circuit. 



When the armature is disconnected from the line by con- 
tactors C and D, the contactors E and F connect a low resist- 
ance directly across the armature brushes. The field is con- 
nected across the line. 

The load on the motor will tend to keep the armature rotating 
in the magnetic field. An emf is induced in the armature wind- 
ings and a high current flows through the armature and breaking 
resistance. The motor armature then acts as a generator. 
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You know that it requires power to drive a generator 
armature. So, when the load of the brake resistance is placed 
across the motor armature, it absorbs the energy of the load 
which tends to keep the armature rotating. This brings the arma- 
ture to a smooth, quick stop. Or when a motor is being used to 
lower a load, it prevents the load from overhauling the motor. 
By varying the braking resistance or the field strength, the effect 
of the dynamic braking is controlled. 

Another way of explaining the effect of dynamic braking is as 
follows. You have learned that the counter emf produced by a 
motor is in the opposite direction to the applied voltage. When 
the armature is disconnected from the line and connected across 
the braking resistance, the load tends to keep it rotating. It is 
rotating in the same direction as the magnetic field and in the 
field. So an emf, that has the same direction as the counter emf, 
is induced in the armature windings. This emf causes a high 
current to flow through the armature and the starting resistance 
in the direction opposite to the direction that the line current 
flowed. 

Since the current is in the opposite direction to the direction 
of the line current, and the polarity of the field hasn't changed, 
it will tend to drive the armature in the opposite direction. But 
when the armature reaches a complete stop, no emf is induced 
in its conductors and no current flows. This results in a cushion- 
ing effect and provides one of the smoothest forms of braking 
which can be used on d.c. motors. 

To obtain dynamic braking when a drum controller is used, 
another set of segments and contacts is provided. When the 
drum controller is rotated to the stop position, these segments 
and contacts connect the field across the line and connect the 
braking resistance directly across the armature brushes. This 
braking resistance may be a part of the starting resistance. 

On automatic contactor panels, additional contactors are used. 
These contactors close and place the resistance across the arma- 
ture brushes when the line contactors open. 

When dynamic breaking is used on series motors, a resistance 
must be put in series with the series field before it is connected 
across the line. 
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CHAPTER 13 



ALTERNATING CURRENTS 
WHERE THEY ARE USED 

Since 1934 the first line Navy ships have used alternating 
current for general lighting, for power, and for certain interior 
communication circuits. Some ships have propulsion motors 
powered by a.c. 

Although d.c. is still more desirable for some jobs, a.c. has 
several advantages over d.c. for many purposes. The advantages, 
as well as disadvantages, will be discussed later. First you should 
know the main characteristics which distinguish a.c. from d.c. 

WHAT IS A.C.? 

A direct current flows in only one direction and in most 
cases it has a constant value for definite periods of time. An 
alternating current is constantly changing in magnitude, and 
its direction changes at regular intervals. Be sure you under- 
stand that last statement — an alternating current is con- 
stantly CHANGING IN MAGNITUDE, AND ITS DIRECTION 
CHANGES AT REGULAR INTERVALS. 
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Figure 1 10. — Rotation of a coil in a stationary flux. 

To understand an alternating emf more thoroughly, picture a 
single coil side (figure no) rotating at a constant speed in a 
uniform magnetic field. 



WHY IS A.C. CONSTANTLY CHANGING? 

By using the generator hand rule and studying figure I io, you 
can prove that the emf changes its direction at regular intervals. 
As the conductor goes through the half revolution while it is 
under the north pole, the induced emf is in one direction. As the 
conductor goes through the other half revolution, under the 
south pole, the induced emf is in the opposite direction. 

When the conductor is at postion A, it is moving parallel to 
the field and is cutting no flux lines. At position D, the con- 
ductor is moving across the flux field at a 90 0 angle and cutting 
flux at the maximum rate. But at position B 9 30 0 from po- 
sition A, the conductor is moving more nearly parallel to the field 
than at D. And even though the conductor is moving at the 
same speed at B and D 9 it is not cutting flux as rapidly at 
B as at D. Likewise at C, 6o° from A, you can see that the con- 
ductor is not cutting flux lines as rapidly as at D, but is cutfing 
them more rapidly than at B. 

Thus as the conductor moves from A to D, the rate at which 
it cuts flux lines increases and is proportional to the angle 
through which the conductor has moved from the horizontal. For 
the next quarter revolution, the rate of cutting flux decreases 
from a maximum to zero. For the last half revolution the proc- 
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ess is repeated, but the conductor cuts the flux lines in the 

OPPOSITE DIRECTION. 

How does all this affect the emf ? 

Remember that the emf induced in a conductor is directly 
proportional to the rate at which the conductor cuts magnetic 
flux lines. Thus the emf induced in the coil side shown in figure 
no, at any instant, depends upon the angle at which the coil 
side is cutting the flux lines. From this explanation you can see 
why the emf induced in the coil side is constantly changing 
as the coil side is rotated in the field. This also explains why 
the current changes its direction at regular intervals. 

An alternating emf increases from zero to maximum and de- 
creases to zero in one direction, during the first half revolu- 
tion. Then it goes through the same set of values in the opposite 
direction, during the second half revolution. 

GENERATION OF AN ALTERNATING VOLTAGE 

You have just seen how an emf is induced in a coil when it is 
rotated in a magnetic field. Figure in illustrates graphically 

4 ONE CYCLE ► 




Figure III. — Alternating current, single phase. 



the voltage generated by a simple two-pole, single-coil generator 
during one complete revolution. 

The line OP represents the end view of one-half of the re- 

177 



volving coil. When the coil is in position Aa, the conductor, per- 
pendicular to OP and extending back into the page, is moving 
parallel to the lines of force. Therefore, the current or voltage 
generated is zero. As the coil rotates away from a, the conduc- 
tor cuts lines of force faster and faster until position /, 90 0 
from the original position, is reached. 

Now draw a straight line such as BC and mark -off on it equal 
angular positions. Then draw horizontal lines from the different 
positions of P at b, c, d, e, f, etc., until they intersect the ver- 
tical lines from the line BC. This gives you a picture of the volt- 
age generated and of the current which is flowing in the rotat- 
ing coil at each position of P. A figure constructed in this man- 
ner is known as a sine curve, or sine wave. The shape of the 
voltage wave of a properly constructed generator is in actual 
practice very close to that shown in figure 1 1 1 . 

INSTANTANEOUS VOLTAGES 

The instantaneous voltage is the emf at any point on the 
sine curve of the alternating emf. It depends upon the po- 
sition of the coil with respect to the zero position along the 
time axis at any instant. In easier words, it is the voltage pres- 
ent at any instant during a cycle of rotation. If you know 



E M " 100 VOLTS 




Figure 112. — Instantaneous valuas of a.c. voltag*. 



trigonometry, you can find the instantaneous voltage by multi- 
plying the maximum voltage by the sine of the angle of ro- 
tation. 

For example, assume the maximum value of the emf sine 
wave in figure 112 is 100 volts. The instantaneous value at point 
D, 6o° of rotation, on the curve is — 

c = £m«x X sin 6o° 
e = 100 X .866 = 86.6 volts. 
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The half of the sine wave above the time axis represents 
voltage in one direction, and the half below the time axis repre- 
sents voltage in the opposite direction. The half of the sine 
wave above the axis is called the positive part of the alternating 
emf, and the half below the time axis is called the negative 
half. 

ELECTRICAL DEGREES vs. MECHANICAL DEGREES 

You are familiar with the term mechanical degrees. You 
know that if a coil is rotated through a complete revolution it 
travels 360 0 — mechanical degrees. But it doesn't necessarily 
travel through 360E 0 — electrical degrees. 

Each time a conductor passes both a north and a south 
pole in an alternator, it has traveled 360E 0 . Thus, during one 
complete revolution in a two-pole alternator, a conductor trav- 
els 360 mechanical degrees and 360 electrical degrees. 
However, during one complete revolution in a four-pole alter- 
nator a conductor travels 360 mechanical degrees but 720 
electrical degrees — 360E 0 for each pair of poles. 

During your study of a.c, remember that a conductor has to 
pass only two magnetic poles to travel 360E 0 — 180E 0 for 
each pole. 

CYCLE AND FREQUENCY — WHAT DO THEY MEAN? 

When a coil completes one revolution in a two-pole alternator, 
it has traveled 360E 0 . It has passed a pair of poles — a north 
and a south — and the generated emf has passed through a com- 
plete set of values as indicated by the sine wave in figure 113. 
The wave then repeats itself each revolution. 

Each time the voltage goes through a complete set of values, 
positive and negative, it has completed a cycle and has traveled 
360E 0 . The time required to complete one cycle is called a 

PERIOD. 

When the voltage completes half a cycle, or 180E 0 , it has 
gone through one alternation. Thus the voltage goes through 
an alternation when the coil passes one pole. And, the number 
of alternations is twice the number of cycles. 
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The number of cycles completed in one second is known as the 
frequency of a voltage. Frequency is generally expressed as so 
many cycles, meaning so many cycles per second. Thus, you 



would say, 'The frequency of the voltage is 60 cycles," meaning 
the voltage completes 60 cycles each second. 



WHAT DETERMINES THE FREQUENCY OF A VOLTAGE? 



To answer this question use the four-pole alternator in figure 
114. Each time a coil makes a complete revolution in this alter- 
nator it passes two pairs of poles and goes through 720E 0 . When 
a coil passes a pair of poles — a north and a south — it goes 
through 360E 0 and completes one cycle. Therefore, for one 
complete rotation of a coil in this four-pole alternator, the 
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Figure 1 1 3. — Alternation vs. a cy cU . 
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Figure 1 14, — Fraquancy with a four-pola altarnator. 
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voltage completes two cycles. Thus, the number of cycles per 
revolution is equal to the number of poles in the alternator di- 
vided by two— 

2 

cycles per rotation = 

poles 

The frequency — cycles per second — equals the number of 
cycles per revolution multiplied by the revolutions per second. 
If the coil in a four-pole alternator makes 60 r.p.s. — revolutions 
per second — the frequency is — 

- Y 60 = 120 cycles. 
2 

The speed is usually given in revolutions-per-minute, so if you 

divide rpm's by 60 you get rps. Then for an alternator with P 

poles and the speed S, the formula for frequency is — 

PXS 

f — or 

2 60 

PS 



f =- 
where 
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2 

— = number pairs of poles 

S = speed in rpm. 
Apply the formula to the following examples — 
What is the frequency of the emf generated in a four-pole 
alternator operating at 1 ,800 rpm ? 

4 X 1,800 

f = = 60 cycles 

120 

What must the rpm of an eight pole alternator be to pro- 
duce a 60 cycle emf ? 

f 

therefore — 

S — 



120 

I20f 



120 X 60 
S = = 900 rpm 
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An alternator operating at 3,600 rpm produces a 60 cycle 
voltage. How many poles does the alternator have? 

120 

therefore — 

i2of 



120 X 60 

— 2 poles 



3.600 



MEASURING ALTERNATING CURRENTS AND VOLTAGES 

If an a.c. voltage is applied to a closed circuit, an a.c. current 
will flow. The current will vary in amount and change directions 




hgur* 115. — A tin* w«v« of alternating current. 



just as the voltage does. The alternations in current can be 
shown as a sine wave, figure 115, just as a.c. voltage can be 
shown as a sine wave. 

The question naturally arises — What is the value in amperes 
of this wave, and how is it measured ? 



EFFECTIVE VALUES 

The effective values of alternating current and voltage are 
based upon heating effect. An ampere of alternating current 
is produced by an ampere of direct current. 
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It is obvious that an alternating current which has a maxi- 
mum value of one ampere is not going to produce the same 
continuous heating effect as a direct current which has a 
constant value of one ampere. The continuous effective 
value of the alternating current is going to lie somewhere 
between zero and its maximum value. The effective value 

IS ALWAYS LESS THAN THE MAXIMUM VALUE. 

At first thought it might seem that the effective value in am- 
peres would be the average of the instantaneous values of an 
alernation. But, that isn't the case. 

The effective value is based on heating effect of current 
which varies as the square of the current — that is, it is pro- 
portional to PR. Therefore, the average heating effect of an 
alternation varies as the average of the squares of the instantan- 
eous values of the current during the alternation. This heating 
effect is positive regardless of the direction of current, and will 
be the same for the positive and negative alternations of the cycle. 

Since the effective value in amperes of an alternating current 
is based upon the heating effect, you find the effective value in 
amperes of an alternation by finding the square root of the 
average of the squares of all instantaneous values. That means 
you square a number of equally spaced instantaneous values 
throughout the alternation. Add the squares, and divide by the 
number of instantaneous values used. Then take the square root 
of the quotient. This is called the root- mean -square — usually 
written rms. 

An interesting thing about the rms problem just explained 
is that the effective voltage is always 0.707 times the maxi- 
mum or peak voltage. Many times you will find the effective 
voltage stated as the rms voltage. 

If the rms method is used on an alternating current which 
has a maximum value of one ampere, the effective value will be 
found to be 0.707 amperes. Therefore — 

/eff — /max X O.7O7 
Jeff 

/max ~ ™/eff X I-4 1 

O.7O7 

/ e ff — effective current 
where — /max = maximum current 
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Thus, if an alternating current has a maximum value of 10 
amperes, it has an effective value equal to — 

0707 X 10 = 7.07 amp. 

In other words an alternating current with a maximum value 
of 10 amperes will produce the same amount of heat as a direct 
current of 7.07 amperes. 

Similarly, the effective voltage is — 

£eff — £m*x X O.7O7 

£mix = — Eeff X 1. 41 

O.707 

Fortunately you don't have to do these calculations to find 
effective values everytime you use a.c. All a.c. instruments are 
calibrated to read the effective values unless otherwise spec- 
ified. And when alternating current of voltage values are spec- 
ified, they are always effective values unless there is a definite 
statement to the contrary. 

Here's a point to remember when determining the insulation 
for an a.c. circuit. The voltage given for the circuit is effective 
value, but the insulation must withstand the maximum value of 
each alternation. That means if the voltage given for the circuit 
is 450 volts, the insulation must withstand a maximum of 634 
volts — 450 X 1 .4 1 — each alternation. 



PHASE 

Figure 116A shows the sine waves for an a.c. voltage E and 
the current / that is caused to flow in a circuit. The curves have 
the same scale in degrees along the horizontal time line, but 
they have separate individual maximum values along the vertical 
axis. Notice how the current and voltage pass through their 
maximum and zero values at the same time. This current is 
said to be in phase with the voltage. 

Figure 116Z? shows an a.c. voltage and the current which it 
causes to flow in a given circuit. In this case, the current does 
not pass through its maximum and zero values at the same time 
the voltage passes through its maximum and zero values. The 
current and voltage are out of phase. The current passes 
through its maximum values 45 0 later than the voltage, and 
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the current is said to lag the voltage by 45 °. Why does the 
current lag the voltage ? That will be explained later. 

Figure 116C shows a.c. current which passes through its zero 
and maximum values ahead of the voltage. The current and 
voltage are out of phase, the current leading the voltage by 45 0 




Figure 116. — Phait relationship!. 

In each of the above illustrations, the term phase is used to 
designate the time difference — expressed in electrical de- 
grees — between an ax. voltage and its current. Phase is used 
also to designate time difference — expressed in electrical de- 
grees — between a.c. voltage of the same frequency, or between 
a.c. currents of the same frequency. 

ADDING A.C. QUANTITIES 

The motors of a ship are driving it north at 12 knots. The 
wind is driving the ship east at five knots. At the end of an 
hour, how far has the ship traveled? 
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There are two forces acting on the ship. But it is apparent 
that the result of the two forces cannot be found by merely add- 
ing them together arithmetically, because the forces are not 
acting in the same direction. The direction of forces is just 
as important as the amount of force. 

You learned from Basic Mathematics that vectors are used to 
represent scale. Draw the vector OA, figure 117, to represent 
the distance the ship is driven toward the north by the motors, 
Draw vector OB to represent the distance the ship is driven to- 
ward the east by the wind. Vector OB is drawn at right angles 
to OA because the force of the wind is at right angles to the 
force of the motors of the ship. 

N 




5 MILES 



Figure 117. — Vector diagram showing a resultant of two force*. 



It is obvious that the ship cannot be at both points A and B, 
But it will be at a point 12 miles north and five miles east of 0. 
That point is C. And the distance and direction the ship has 
traveled — 13 miles — is represented by the vector OC. The dis- 
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tance can be found by measuring the line OC and using the 
same scale that was used for drawing OA and OB. 

It can also be found by using the triangle method for add- 
ing the vectors. That is. the distance traveled by the ship 
would be — 

OC = V (OA) 2 + (OB) 2 

or 

OC — \/i2 2 + 5- — 13 miles 

USING VECTORS TO ADD VOLTAGES 

Figure 118 shows the sine waves of two a.c. voltages, E and 
E? t which are 90 0 out of phase. Here you have two forces acting 




Figure 118. — Vtctor addition of two volttgos 90° out ol phaso. 

at an angle of 90 0 from each other. They cannot be added 
arithmetically. However, they can be added vectorially, just as 
you added the two forces acting on the ship. 

Vector OA is drawn to represent voltage £'. Vector OB is 
drawn at an angle of 90 0 to OA, to represent voltage The 
two voltages are added vectorially, and the resultant vector OC 
is the vectorial sum £, of £' and E" . 

The angle 6 represents the phase difference between £ and £'. 
The resultant voltage E lags the voltage £' which is represented 
by the horizontal vector. 

Example — Each of two alternator coils OA and OB, figure 
ngA p is generating an emf of 120 volts. The voltages have a 
phase difference of 90 0 . What is the voltage across their open 
ends if they are connected together at O as shown? See fig- 
ure 119B. 
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Draw vector O'A' to represent the voltage across coil OA. 
Draw vector O'B' at right angles to O'A' to represent the 
voltage across coil OB. Add the two vectors. It can be seen 
that the resultant voltage is the vector O'C, which is also the 
hypotenuse of a right triangle with sides O'A' and O'B'. There- 
fore, the resultant voltage is — 

E 0 \ = V120 2 + 120* = 169.2 volts. 
Out of phase currents are added vectorially in the same 
manner as out of phase voltages. 

A A' C* 




120 VOLTS 

A B 
Rgur« 119. — V«etor Addition of two tqual voltogos 90° out of pKoto. 

When two voltages or two currents are in phase they may be 
added arithmetically. If they are 180 0 out of phase, they are 
in opposite directions, and their total is the algebraic sum. 

It must be kept constantly in mind that alternating 
currents and voltages must be combined vectorially. 
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CHAPTER 14 



REACTANCE 
LIKE A HIDDEN RESISTANCE 

An experiment was performed in which one winding of a 
transformer was connected to a 10 volt d.c. supply. The current 
was 20 amperes. When the same winding was connected to a 
2,500 volt a.c. supply, the current was 1.82 amperes! 

Why did 10 volts d.c. cause 20 amperes to flow in the circuit, 
but 2,500 volts a.c. cause only 1.82 amperes to flow? 

At first it may seem that somewhere in the experiment Ohm's 
Law was repealed. But it wasn't. Ohm's Law applies to a.c. as 
well as d.c. circuits, but you need to know more about Ohm's 
Law and a.c. circuits to find the answer to the experiment. 

In the case of the 10 volt d.c. supply, the opposition to the 
flow of current is just the ohmic resistance. And if 20 amperes 
flowed, the resistance would be — 

E 10 

R = — =0.5 ohm. 

/ 20 

But in the case of the 2,500 volt a.c. supply and a 1.82 ampere 
current, the opposition is — 

E 1.82 

Z — — — = 1375 ohms. 

/ 2,500 

Z is the symbol for impedance measured in ohms. 
Impedance may be defined as the total opposition to the 
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flow of current in an a.c. circuit. Then Ohm's Law for an 
a.c. circuit is — 




In the case of the transformer, the impedance is considerably 
greater than the ohmic resistance. This is true in most a.c. cir- 
cuits. The additional opposition is caused by inductance or 
capacitance in the circuit, and is called reactance. The symbol 
for reactance is X, which is measured in ohms. 



INDUCTANCE IN AN A.C. CIRCUIT 

You learned in d.c. that inductance is the prpperty of a cir- 
cuit which opposes any change in the current. That is, if the 
current increases, the expanding flux field cuts across the con- 
ductor and induces a voltage which opposes the increase in 
current. But if the current decreases, the flux lines collapse and 
cut across the conductor in the opposite direction. This induces 
a voltage which tends to keep the current flowing in the same 
direction. 

Of course this effect is small m a straight wire. But if the 
circuit is in the form of a coil, the effect is much greater — the 
circuit is said to have more inductance. An iron core placed in 
the coil increases still further the inductance of the circuit. From 
this you can see that the inductance of a circuit is directly re- 
lated to the physical properties of the circuit. 

Many d.c. circuits, such as the shunt field of a motor, are 
highly inductive. But this inductance affects the current only 
when there is a change of current in the circuit. 

The unit of inductance is the henry, for which the symbol is 
L. A circuit has an inductance of one henry if a current change 
rate of one ampere per second will cause a cemf of one volt 
to be induced in the circuit. 

Figure 120A shows the effect of inductance on a d.c. current 
in a circuit which has several henries of inductance and a given 
resistance. When a voltage is applied to the circuit, the current 
flow is equal to the voltage divided by the resistance. But the 
current does not reach this value immediately. It increases 
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gradually from zero to its normal value. This increase is grad- 
ual because of the back emf induced by the expanding flux field. 
Once the current reaches the value determined by the voltage 
and resistance, it is no longer affected by the inductance of the 
circuit, unless there is another change in current. 

When the circuit is broken, the current does not fall to zero 
immediately, but decreases gradually as shown in figure 120B. 



Figure 120. — lncr««i# *nd d*cr*af* oft d.c. current in an inductiv* circuit. 

As the current decreases, the collapsing flux field induces an 
emf which tends to keep the current flowing. 

The time required for the current to go from zero to its nor- 
mal value, or to go from its normal value to zero, is determined 
by the inductance of the circuit. Thus, a d.c. current will 
reach its normal value in a straight wire quicker than in a 
solenoid. 

Suppose you closed the circuit and the current began to in- 
crease as shown in figure 120A ; but then you opened the circuit 
when the current reached point X on the curve. The current 
would never reach its Ohm's Law value. The same effect oc- 
curs in an a.c. circuit. The current does not have time to reach 
its Ohm's Law value before the voltage begins to decrease. So — 

the CURRENT NEVER REACHES ITS OHM'S LAW VALUE IN AN A.C. 
CIRCUIT CONTAINING AN INDUCTANCE. 

Furthermore the tendency of the inductance to oppose any 
change in current will cause the current to reach its maximum 
values and minimum values behind the voltages. 

BACK EMF IN AN INDUCTANCE 

The constantly changing a.c. current induces a back emf 
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which is constantly opposing any change in the current. This 
back emf may be compared to the counter emf in a d.c. motor. 
Thus, you can see that in addition to the opposition to the flow 
of current which results from ohmic resistance, there is an 

OPPOSITION CAUSED BY THE EMF OF SELF-INDUCTION. 

The higher the inductance of the circuit, the more concen- 
trated the flux field ; and the higher the frequency, the faster the 
flux lines cut the conductors. Therefore, the emf of self-induc- 
tion is directly proportional to the inductance of the circuit 
and to the frequency of the current. 

This opposition to the flow of current caused by inductance 
in an a.c. circuit is called inductive reactance. It is expressed 
in ohms and its symbol is A'l. 

HOW TO FIND THE INDUCTIVE REACTANCE 

The inductive reactance of an a.c. circuit may be found by 
the formula — 

Xl = 2rrfL 

Where— 

Xl = inductance reactance expressed in ohms. 
2n = 2X 3 .1416 = 6.2832 
/ = frequency 
L = inductance in henries. 
Figure 121 shows a circuit containing 0.4 henry of induct- 
ance. It is connected across a 220 volt, 60 cycle line. What 
is the reactance, and how much current will flow ? 

ATl = 2tt/l = 2ir X 60 X 0.4 = 1 50.8 ohms 

E 220 

I = = = 1 .46 amperes. 

Xl 150.8 

If the frequency is doubled, the Xl is doubled and the cur- 
rent / is cut in half. Or, if the inductance is doubled by in- 
creasing the number of turns, the Xl is doubled and the current 
is cut in half. Thus you see that in an inductive circuit the a.c. 
current varies inversely as the frequency of the current and 
the inductance of the circuit. 

Figure 122B is a vector diagram of the phase relationship 
between current and voltage in a circuit without resistance. The 
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0.4 h 




Figure 121. — Circuit containing an indue ta net only. 



current, shown along the horizontal axis, lags behind the volt- 
age by 90 0 . 

You understand that it is impossible to have a circuit that 
contains no resistance. The resistance was ignored in this cir- 
cuit to avoid confusion. Solutions of circuits containing both 
Xl> and R will be explained later. • 

Summing up — inductance opposes any change in the current 
flowing in a circuit. The amount of inductance in a circuit 
depends upon the physical properties of the circuit, that is, 
the number of turns, the length of coil, and the kind of mate- 
rial used in the core. 

Inductance in an a.c. circuit causes the current to lag the 
voltage. 

WHY DOES THE CURRENT LAG THE VOLTAGE? 

The sine wave / in figure 121 represents the current flowing 
in a circuit containing only inductance. At point A, the current 
is changing at its maximum rate in a positive direction. So, 
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at that instant the emf of self induction must be at its maxi 
mum value in negative direction. 



As the current increases from zero to maximum the rate of 
change decreases. Therefore, the emf of self induction 
decreases. At point B the current has reached its maximum 
value and for an instant the rate of change is zero and at that 
instant the emf of self induction also must be zero. 



Figurt 122. — Ytctor diagram of circuit containing incluctanco only. 

The current then begins to decrease from its maximum value 
toward zero and the flux begins to collapse. The emf of self 
induction begins to build up in the opposite direction. At C, the 
current is again changing at a maximum rate but in a negative 
direction ; so, at that instant, the emf of self induction must 
be a maximum in the positive direction. Continuing in this way 
the voltage curve A'B'C is obtained for the emf of self induc- 
tion. Because of the voltage of self induction, the current is 
caused to lag by 90 0 . 

This emf of self induction is the only voltage in the circuit 
which opposes the current. There must be an applied voltage 
and the voltage of self induction in the opposite direction. 
The applied voltage sine wave is drawn 180 0 out of phase 
with the sine wave of the voltage of self induction. Notice 
that the applied voltage curve leads the current / by 90 0 , which 
is another way of describing the same phase relationship. 

In a circuit with inductance only and no resistance that is 
what would happen. Actually, it is impossible to obtain a purely 
inductive circuit, because every circuit must necessarily liave 
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some resistance. However, the resistance may be so small it is 
negligible. 



CAPACITANCE 



Capacitance is the ability of a circuit to store up electrical 
energy in the form of an electric charge. The condenser is 
the device used to give the circuit capacitance. 

Essentially, the condenser consists of two metal plates separ- 
ated by an insulator called a dielectric. The capacity or ability 
of a condenser to hold a charge is determined by the number 
of plates,*the exposed surface area, the material of the dielectric, 
and the thickness of the dielectric. 

Figure 123 is a diagram of a two-plate condenser. The ter- 
minals of the condenser are connected through a switch to a 



battery. When the switch is closed, the difference in poten- 
tial between the two battery terminals puts an electromotive 
force upon the electrons of the circuit. They start to move 
from the negative terminal of the battery toward the positive 
terminal. They cannot pass through the dielectric because the 
voltage isn't high enough to break the electrons free in the 
dielectric material. Thus negative charge is built up on plate 
A of the condenser. 

The electrons of the dielectric are repelled by this negative 
charge on the elate A, and have a tendency to move toward the 



PLATES 




Figurt 123. — Charging a condtnitr in 1 d.c. circuit. 
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opposite side of the dielectric. In other words, the side of the 
dielectric next to plate A has a tendency to become positively 
charged and the other side tends to become negatively charged. 
Electrons are not broken free in the dielectric, but they do move 
toward the positive terminal of the battery, causing plate B to 
become positively charged. 

A galvanometer placed in the circuit will indicate this shift 
in electrons. Thus, there is an apparent flow of current 
through the condenser when the circuit is first closed. Actually 
there isn't, because the voltage isn't high enough to break down 
the dielectric. But there is a momentary shift of electrons. 
The plates of the condenser are charged — one negatively and 
the other positively — and the dielectric is in a state of strain. 

Now, if the condenser is disconnected from the battery, the 
plates retain their charge. The length of time they will hold this 
charge depends upon several factors, and may range from a few « 
seconds to several hours. 

However, if the terminals of the condenser are shorted to- 
gether by a good conductor, the electrons on plate A will rush 
to plate B until the charge between the two plates is equalized. 
And a galvanometer in the circuit will indicate a flow of cur- 
rent in the direction opposite to that which was indicated when 
the condenser was charged. 

Now, put a switch in the circuit which can alternately open 
and close the battery circuit and short the condenser terminals. 
If the switch is operated rapidly, the condenser will be alternately 
charged and discharged, and give the effect of an alternating 
current while flowing between the terminals of the condenser. 

Each time the switch closes the battery circuit, an emf is 
applied and the condenser charges. When the switch opens the 
battery circuit, shorting the condenser terminals, the condenser 
discharges. 

Notice in particular that the current was maximum 90 0 before 
the voltage was maximum (figure 124). Thus you say, in a 
pure capacitive circuit (one without resistance) the current 
leads the voltage by 90 0 . Since no circuit is without resist- 
ance, the current leads the voltage by less than 90 0 . 

On the discharge of the condenser and the charge in the op- 
posite direction, electrons run out of one side and into the other 
side of the condenser in the same manner. 
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Remember: in a capacitive circuit, the current is always 
maximum before the condenser reaches full charge. 

A CONDENSER BLOCKS D.C. BUT CONDUCTS A.C. 

One of the most used features of a condenser is its ability to 
block the flow of d.c., and to conduct ax. 

When a condenser is connected into a d.c. circuit, it will be- 
come charged quickly. The flow of electrons is then stopped, 
and when fully charged, the condenser acts as an open circuit. 

A condenser connected into an a.c. circuit acts quite differ- 
ently. On the positive half cycle, electrons leave one plate, flow 
through the generator and the load in the circuit, and back into 
the other plate of the condenser. 

During the next negative half alternation, the electrons re- 
verse their direction and flow out of the negative plate, through 
the generator, and back into the opposite plate of the condenser. 
After the applied emf has reached maximum in the negative 
direction, the flow of electrons is again reversed, charging the 
condenser in the original direction again. 

Each time the cycle is reversed, the electrons leave one side 
of the condenser and enter the other. In this way, electrons 
continue to flow through the circuit as long as the generator is 
running. 

Remember, the electrons do not go through the condenser. 
They merely run out of one side and in at the other. 

A condenser is fully charged when the voltage across the 
condenser terminals is equal to the applied voltage. Regard- 
less of the voltage applied, the condenser is not fully charged 
until the condenser voltage equals the applied voltage. 

The flow of current in a condenser is dependent upon the 
degree of charge present on the condenser plates. For ex- 
ample, suppose a discharged condenser is connected to the ter- 
minals of a 10 volt battery. The back emf of the condenser 
at this instant is zero, so a maximum current flows. 

Immediately when the current starts to flow, the condenser 
begins to build up a voltage of its own. This voltage — call it 
back emf — opposes the emf of the battery, so the flow of cur- 
rent is slowed down. 
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The longer the condenser continues to charge, the larger and 
larger the back emf becomes, until eventually, it equals the 
applied emf. When this condition is reached, all current ceases 
to flow, and remains that way until the condenser is discharged, 
or a higher emf is applied. 

The rate of current Flow is greatest when the switch is 
first closed. Look at figure 124. Curve E represents the con- 




Figure 124. — Relationship of current and voltage in a copecitive chxutt. 

denser voltage. You may call this curve the charge on the 
condenser. Curve / shows the current flowing. 

Start at the left edge of the drawing. Point O shows the 
condenser voltage the instant the switch is closed. Notice it is 
equal to zero. Now look at point X, above point 0. It shows 
the current flowing the instant the switch is closed. The current 
at this instant is maximum. 

Immediately after closing the switch, look what happens to 
both current and voltage. The rate of current flow goes 
down, and the charge goes up. When the charge reaches 
maximum at point X, the current flow at point A is zero. 

SIZE OF A CONDENSER 

The capacity of a condenser to store an electrical charge is 
a property of the condenser's physical structure, and depends 
on the exposed surface area and material of the plates, the 
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distance between them, and the type of dielectric used. The 
unit used to express capacity is the farad. It is the capacity of 
a condenser that is capable of having a coulomb of displaced 
electrons with an applied emf of only one volt. 

A condenser with a capacity of one farad would be as large 
as a good-sized compartment, and would have little practical 
value. So, capacities are usually expressed in millionths of 

i 

a farad, one microfarad is equal to of a farad. A 

1,000,000 

capacity of 50 microfarads, abbreviated 50 mf., is equal to 

farads. 

1,000,000 



CAPACITIVE REACTANCE 

The amount of alternating current that can flow in a circuit 
containing a condenser depends upon both the capacity of the 
condenser, and the frequency of the applied voltage. The a.c. 
flowing in a circuit varies directly as the capacity and frequency. 
Therefore the larger the condenser and higher the frequency, 
the lower will be the opposition to the flow of current. 

The opposition to the flow of an alternating current by a 
capacitive circuit is called capacitive reactance, like the op- 
position of inductive reactance/ Capacitive reactance is ex- 
pressed in ohms. Thus, Ohm's Law for a pure capacitive cir- 
cuit may be expressed — 




where X c is the capacitive reactance expressed in ohms. 

Since current increases as the C and / increase, X e must de- 
crease at a rate inversely proportional to C and /. This relation- 
ship is expressed in the following formula — 



where — 

X c as capacitive reactance in ohms 

2w = 6.2832 
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/ = frequency 
C = capacitance in farads 
Since the farad is much too large a unit for practical use the 
equation may be rewritten for the microfarad — 



X c = capacitive reactance 
io e = 1,000,000 
2* = 6.2832 
f = frequency 

mfd = capacitance expressed in microfarads 



Example — A condenser of 25 microfarads capacity is con- 
nected to a 240 volt, 60 cycle supply. What is the reactance 
and how much current will flow ? 



2irftnfd 



= 106 ohms 



2ir X 60 X 25 




106 



240 



= 2.50 amperes 
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CHAPTER 15 
IMPEDANCE 
WHAT IS IMPEDANCE? 

The impedance to the flow of an alternating current in a 
circuit is the combined oppositions of resistance, inductive 
reactance, and capacitive reactance. All circuits have re- 
sistance, but not all have inductive and capacitive reactance. 
Some have inductive reactance, others have capacitive reactance 
with resistance, but the combination of either or both reactances 
with resistance forms the impedance of the circuit. 

You remember how it was impossible to add directly two 
voltages that were out of phase. You added them vectorially. 
The same thing is true of combining resistance with react- 
ance. You can not add them directly, because they are in 

DIFFERENT DIRECTIONS. 

As an example of this, resistance has no effect on the phase 
of the current. That means, in a resistive circuit, the current 
increases as the voltage increases. But how about other circuits ? 
In an inductive circuit, the current lags the voltage, while in a 
capacitive circuit, the current leads the voltage. 

In an inductive circuit containing a resistance, the current 
still lags the voltaee, but not by 90 0 . The amount of lag de- 
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pends upon the ratio of the resistance to the inductive re- 
actance. 

The same thing is true in a capacitive circuit containing a 
resistance. The amount of lead is dependent upon the ratio 
of resistance reactance. 

How great will be the lag or lead ? How great the impedance . 
First find out what the impedance and lag will be in an induc- 
tive circuit. 



Since both the resistance R and the inductive reactance Xl 
opposes the current, the total opposition or impedance Z will be 
a combination of R and Xl. The equation for finding the im- 
pedance Z of an inductive circuit is — 



Here is a problem. In figure i2$A the coil has an inductance 
L of 0.2 henries and is attached to a 60 cycle, 1 10 volt generator. 
The resistance R of the circuit is 50 ohms. 



IMPEDANCE IN AN INDUCTIVE CIRCUIT 



Z = V/? 2 + *l 



where — 



R is the d.c. ohmic resistance 
Xia is the inductive reactance 
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Piflur. 125.— Solution of «n Inductive r««ct«nc« probUm. 



First find Xl by using the equation — 

Xl = 2wf\j 

substituting — 

Xl = 2X3.14X60X0.2 
Xl = 754 ohms 

Now use the formula for impedance and substitute. 

Z= V5<>* + 75-4* 

Z = 90.4 ohms approximately. 

You can also use a vector diagram like figure 125Z? ; in the 
scale used, one inch equals 25 ohms. 

Lay off the resistance on the horizontal line OX. That line 
will be two inches long. Now draw OY perpendicular to OX. 
It will be slightly longer than three inches. Complete the rec- 
tangle and draw the diagonal OM. Line OM represents the 
impedance Z. Measure it and multiply it by scale. The im- 
pedance is slightly more than 90 ohms. 

What about the current? The total opposition is the im- 
pedance Z of 90.4 ohms. Substituting in Ohm's Law — 

/ - E 

no 

/ — 

90.4 

E — » 1 .2 amp. 



HOW TO FIND THE ANGLE OF LAG 

Look back at figure 125B. The angle 6 formed by the lines 
OM and OX is the angle of lag. Measure this angle and you 
will find it to be near 57 °. What does it mean? It means the 
current reacnes a maximum value of 57 0 after the voltage was 
maximum. 

If you know how to use trigonometry tables, you can find 
the angle of lag 0, without constructing a parallelogram by 
using the formula — 

Substituting the values of X? and R from figure 125 you get — 
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tan 6 =^ 
50 

tan 0 = 1.500 

= 57° approximately. 

Either method is correct. It saves a little time to use trigo- 
nometry. 

IMPEDANCE OF A CAPACITIVE CIRCUIT 

The method used to find the impedance Z in a capacitive 
circuit is the same as finding the impedance in an inductive 
circuit, with one exception. Remember the current leads the 
voltage in a capacitive circuit. 

C- 50mf 



60^ 
110 V. 



R-40A 




SCALE 
l"=20 OHMS 

B 



Fiqurt 126. — Solution of • copocitivo ro«ct«nco circuit. 



Here is a problem: A condenser of 50 inf. is connected in 
series with a 60 cycle, 110 volt generator. The total resistance 
of the circuit is 40 ohms. Find the reactance, the impedance, 
current and the angle of lead. 

First find the capacitive reactance X c by using the formula — 



Rirfmf 
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Substituting, 

X e 

6.28 X 60 x 50 

X t — 53 ohms. 

Next find the impedance by using the equation — 

Z — y/? 3 + X«* 

Z - V 4 o* + 53 2 
Z — 66.5 ohms. 
The current flowing will be — 

no 



66.5 

/ — 1.65 amperes. 
You can also find the impedance of the circuit by constructing 
a parallelogram like figure 126B. The only difference between 
it and figure I2$B is the direction of X c . Notice it i£ drawn 
downward, opposite to that of Xt>. That is natural, because 
in a capacitive circuit the current leads, and the lead angle must 
l>e in the opposite direction. 

Measure angle 6, and you'll find the lead angle is 53 °. 
Know what that means? Sure, the current is maximum 53 0 
before the voltage is maximum. 

You can also find B by using trigonometry and the following 
tormula — 

tan 6 = 

R 

tan 6 = — 
40 

tan 6 = 1.322 
• = 53° 



CIRCUITS CONTAINING INDUCTANCE AND CAPACITANCE 

Suppose a circuit contains both an inductance and a con- 
denser. What happens then? You already know part of the 
answer. The inductance causes the current to lag, and the con- 
denser causes the current to lead. 
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Now if one current is lagging and the other leading, the 
total current certainly isn't the sum, so it must be the differ- 
ence. 

Since the impedance of a circuit is determined by the resist- 
ance combined with the reactances, and the effect of Xl on the 
current is the opposite of X C9 the combined equation will be — 



Z = y/R' 2 -f- (Xii — X c )' 2 
Notice in particular the (Xl — X c ) 2 portion of the equation. 



Looks funny, but that is exactly what happens. In any series 
circuit containing an inductance and capacitor, when 
Xij = X C9 the only impedance in the circuit is the ohmic 
resistance R. 

What happens in a circuit where Xh does not equal X c ? The 
best way to answer that is to work a problem. 



Suppose X\j equals X c . In that case — 

X L — AT c = 0 

So in the equation above you will have 



Z= y# 2 + 0 or Z=*R. 



Y 




C * 50 MF 
— 1 1 



OJ 



XC = 53 + OHMS. 



B 



♦ t 

Y' 

Flour* 127. — R.ictiv. circuit containing both L and c. 
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First find the values of Xl and X e . 
Xl=6.28 X 60 X 0.2 
Xl, — 75.4 ohms. 

X.- 



6.28 X 60 x 50 
X c — 53 ohms. 

Now substitute the values of R, Xl and X c in the equation — 
Z« V# 2 + (Xl — X c )* 



^ - V 5Q 2 + (754 — 53.o) 2 

^ - V50 2 + 22. 4 2 

Z = 54.7 ohms. 

HOW TO SOLVE-L-c PROBLEMS VECTORIALLY 

You can also find the impedance of the circuit vectorially as 
illustrated in figure 127 B. 

First draw OX equal to R, 50 ohms. It will be two inches 
long with a scale of one inch equal to 25 ohms. Now draw 
OY perpendicular to OX at O, representing Xl. Next draw 
OY' perpendicular to OX at O representing X c . OY will be 
about three inches long and OY 9 about two inches long. The 
difference in OY and OY' is about one inch in favor of OF, 
or Xl. Then locate point N about one inch above point O. By 
this method you have vectorially subtracted X c from Xl with a 
remainder in favor of Xl. 

The only step left is to complete the parallelogram ON MX 
and draw the diagonal OM. Measure the diagonal and mul- 
tiply it by scale and you get 54.7 ohms. 

Since Xl was larger than X c , the current is still lagging. 
Figure 1275 shows it to be about 24 0 . 

You can find the angle by trigonometry — 

Xl — X 

tan0= 

R 

Substituting — 

A 754 — 53 
tan 6 = 

50 

tan 6= — — 
50 
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tan 6 = .448 
6=24° lag 

Don't worry if the value Xl — X c comes out to be a nega- 
tive number such as — 

50—75 
tan 6 = 



tan 6 = 



25 
—25 



25 

tan 6 = — 1. 000 
6 = 45° lead. 

That negative sign tells you the current is leading. When 
referring to the trigonometry table to find the angle, ignore the 
sign and treat the number as if it were positive. 

When you solve problems vectorially in which X c is larger 
than Xl, the parallelogram will be drawn below line OX, and 
OM will point downward. The rest of the problem is solved 
in the way illustrated in figure 127B. 

So much for resistances, inductances, and condensers in series 
circuits. If you get stuck, go back over the problems just 
worked. Others are solved the same way. 



SINGLE PHASE PARALLEL CIRCUITS 

The most commonly encountered circuits are parallel circuits. 
It is, therefore, very important to know how to determine the 
nature of voltage and of current, through and across the various 
paths. The average distribution circuit has many types of 
loads all connected in parallel with each other — such as motors, 
transformers, and lighting circuits. 

The solution of any parallel circuit consists of reducing it 
to an equivalent series circuit that, when connected to the same 
source of emf as the given parallel circuit, would result in the 
same line current and phase angle. 

When several units containing resistance, reactance, or ca- 
pacitance in any proportion are connected in parallel across al- 
ternating current mains, the resultant current is most readily 
determined by the use of vectors. You do this by solving for 
the current in each branch of the circuit and then combining the 
currents vectorially to get the resultant current. 
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The important distinction between the vector diagram of a 
parallel circuit and the vector diagram of a series circuit lies 
in the starting point. You will recall that in solving a series 
circuit you started by laying out of the vector which was com- 
mon to all portions of the circuit. And in a series circuit the 
common vector was the current flowing through the circuit. 
In the case of a parallel circuit, however, the common factor 
for resistance, inductance, and capacitance is not the current but 
the voltage across each unit. Therefore, lay out as your start- 
ing point a horizontal vector pointing toward the right. This 
represents the voltage of the system (figure 128). 




Figura 128. — A parallal circuit and vector diagram. 

Since the current in a pure resistance is in phase with the a.c. 
voltage impressed across the terminals of that resistance, lay 
out the vector for the current flowing through the resistance coil 
along the vector of the voltage. 

The next step is to lay out the current which is either 90 0 
ahead of or 90 0 behind the current through the resistance. You 
recall that the current flowing through a condenser leads the 
voltage which produces that current. Therefore, the vector 
for the current through the condenser must be 90 0 away from 
the voltage vector and in a leading position. This is shown in 
figure 128 as /c. 

You also recall that the current flowing through an induct- 
ance lies 90 0 behind the voltage vector producing that current. 
Therefore, draw the vector for the current through the induct- 
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ance coil 90 0 in a lagging position behind the voltage vector as 
shown by /l in figure 128. 

Since the current flowing through the condenser is 180 0 away 
from the current flowing through the inductance coil, you may 
subtract these two values numerically. In the figure shown, the 
current flowing through the inductance is greater than that flow- 
ing through the condenser. Therefore, the resultant of their 
two currents, /x, will be a current of a smaller value, but in 
the lagging position with respect to the line voltage. 

The next step is to obtain the resultant between line current 
vector and the vector of the net current which is 90 0 out of 
phase with the line voltage. As you have previously learned, 
this is done by completing the parallelogram between the two 
vectors. The diagonal of this parallelogram is represented by 
It and the scalar length of this vector is the resultant current 
in the entire system, or the value of the current flowing through 
the main. The angular displacement between this current vec- 
tor / and the voltage vector E is the phase angle of the system. 

/r 

The cosine of this angle — or expressed in another way, 

It 

will be the power factor of the system. 

R«15a 

1 — ww — (*y 

V20A 1^8.33 A 



1*10.4 



X t =IOn 



1 — hm^ — 0- 



1^=12 5A 



E«I25 V 




F=60<v 



Figura 1 29. — A parallel circuit. 
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Problem: A resistance of 15 ohms, an inductive reactance of 
10 ohms, and a condenser reactance of 20 ohms are 
all connected in parallel across a 125 volt, 60 cycle 
main (figure 129). Determine: 

(a) The total current. 

(b) The power consumed in the circuit, 
(f) The power factor of the circuit. 

(d) The current flowing through each por- 
tion of the circuit. 

E 125 

/r — — = — 8.33 amp. 

* 15 

E 125 

It, — — — 12.5 amp. 

Xij 10 

E 125 

Ic = — = 6.25 amp. 

Xc 20 

The above values of current can be represented by the 
vectors in figure 130. 









H 




OD 




OJ 








> 


>/ 












</ 














O 






„ / Ix 





\- 1 2 .5 A I c s 6.25 A 



Figure 130. — A vector diagram. 

The net 90 0 out of phase current for the above circuit — 
/l — /c = 12.5 — 6.25 = 6.25 amperes. 
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(fl) Total amperes, /t— Wt* + — ^c)* 

- V8.33*+ (12.5 — 6.25)* 

— V695 + 39I 
-= 10.4 amperes 

(b) Power — £/t — 125 X 8.33— 1,041 watts. 

In 8.33 

(r) Power factor, P. F. = cos. of 4> = — = = .80 or 

It 104 

80%. 

(d) Current through the resistive path /b — 8.33 amperes. 
Current through the inductive path /l — 12.5 amperes. 
Current through the capacitive path Ic — * 6.25 amperes. 

COMPLEX SINGLE PHASE CIRCUITS REPLACING PARALLEL 
CIRCUIT WITH EQUIVALENT SERIES CIRCUIT 

A parallel circuit may be replaced by an equivalent series 
circuit. This is done by solving the branch circuit as previously 
explained to get the value and phase angle of the line current. 
Once you know these values, the overall, or total, impedance 
for the equivalent circuit and its active and reactive components 
may be calculated. A circuit having these components will act 
electrically in exactly the same manner as the original circuit — 
providing the frequency of the impressed voltage is the same as 
that for which the calculations were made. In making the 
calculations, it makes no difference what voltage is impressed on 
the branched circuit. In the following problem, 100 volts is 
assumed in order to simplify the work. 

For the upper branch of the circuit : 

Z x = y/R? + X* - V4 r TF= 5 ohms 

E 100 
/j =- — = =- 20 amperes 

z 5 

R, 4 
COS </>! — — * - = 0.8 

5 

*. 3 
sin 4> v =» = - = 0.6 

*i 5 
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For the lower branch : 



Z% — V6» + 8 2 — ioohms 
E 100 



COS ^ 2 ™ 

sin <f> t = 



10 amperes 



io 



= — — 0.6 





6 




IO 




8 


z t 


IO 



— _ — o.8 



AVvV 

4a 



x, 

3A 



6A 8 A 

AA/V\ 05000^- 



(A) 



R 



(B) . 

Rgvr* 131. — A parallel circuit »nd th MrU< •qutvakat. 




Raw* 132.— T)t« Km eyrrant it the vactor Mm of d «nd l» 
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Breaking down I t and /, into their active and reactive com- 
ponents, we have : 

/bi — A cos <f>i — 20 X 0.8 — 16 amperes 

/Ha = /, cos *, = 10 X 0.6 = 6 amperes 

/r — Sum of active components — 16 -|- 6 — 22 amperes 

7x x — 7j sin </>j — 20 X 0.6 — 12 amperes 

/Xj = /, sin * 2 = 10 X 0.8 = 8 amperes 

/x — Sum of reactive components — 12 -}- 8 — 20 amperes 

Then for the equivalent circuit : 

/ =- V/t 2 + /x 2 — V22 2 + 20* — 29.7 amperes 

E 100 
Z — — — — 3.37 ohms 



/ 



29.7 



It 



22 



cos </> — 



— 0.74 



29.7 



214 



CHAPTER 16 



POWER 

POWER IN A.C. CIRCUITS 

The method of developing power in an a.c. circuit is similar 
to the way it is developed in a d.c. circuit. The power dissi- 
pated by a d.c. circuit is always equal to volts times am- 
peres. But in an a.c. circuit, the power dissipated may or may 
not be equal to volts times amperes. However, at any in- 
stant, the power dissipated in an a.c. circuit equals the voltage 
at that instant multiplied by the current at that instant. 

For example, figure 133 shows a current curve / in phase 
>vith a voltage curve E. This occurs in a circuit contain- 
ing only a resistance. 

To obtain the power taken at any instant, the current and 
the voltage at that instant are multiplied together. These prod- 
ucts give the instantaneous power, and a new curve P. To con- 
struct the power curve P y find the product of the instantane- 
ous voltage and current for several instances throughout the 
cycle. Plot the points indicated by the instantaneous products 
and draw the power curve P through these points. 

The current and voltage cut \ es pass through zero at o°, 180 0 , 
and 360 0 — obviously the power at these three points will be 
zero. But, during the first half of the cycle, the current and 
voltage are both positive, so the power curve is positive. Dur- 

2IS 



ing the last half -cycle, the current and voltage are both nega- 
tive so their product must be positive and the power curve is 

STILL POSITIVE. 

Quite apart from this mathematical reason, it is true that the 
sign of the power does not change if both current and voltage 
are reversed. It doesn't make any difference which way the 
current flows in a resistance — the heat dissipated will be the 
same. 

It should be noted that the power curve is a sine wave in 
shape — the axis of symmetry is line XY — with a frequency 
twice that of the current or voltage. 



x 




figure 133. — Powtr relationships. 



If the maximum values of the voltage and current waves are 
£ m and / m respectively, the maximum value of the power wave 
must be — 

Pm = E m I m 

Since the portion above the dotted line will just fill in the 
portion below the dotted lines, the average of the power wave 
is E e(t I e tt. Then the average power is — 

P = Erffl e f f 

E e(t and / e rf equal the effective values of the voltage and cur- 
rent respectively. Thus, the average power in a circuit con- 
taining only resistance is — 

P= EI 
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Remember that this formula is for power in an a.c. circuit 
which contains resistance only. 

POWER IN A PURE INDUCTIVE CIRCUIT 

Figure 134 shows the sine curves for the voltage, current, 
and power in an a.c. circuit containing inductance only. The 
current lags the voltage by 90 0 . Either the current or the 
voltage is zero at points A, B, C, D, and E. Therefore the 
power at each of these instances must be zero. Between A and 
B the current is negative and the voltage is positive. So 
their product, the power curve between A and B, is negative. 
That means the coil is delivering energy to the source of 

SUPPLY. 



-90^ 




Figure 134. — Power wave for circuit containing inductance only. 

Between B and C the voltage and the current are both posi- 
tive. Thus the power during this period is positive. The source 
of supply is delivering power to the inductance (coil). 

Between C and D the voltage is negative, the current is posi- 
tive, and the power is again negative. Between D and C the 
voltage and current are both negative, so the power curve is 
again positive. 

The power curve P is a sine curve having double the fre- 
quency of the voltage or current. The negative area of the 
power curve is equal and opposite to the positive portion. This 
means that all the power received by the inductance coil is 
returned to the source. This is called wattless power. 
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The average power input into the coil is zero, and a watt- 
meter connected in the circuit would read zero. 

POWER IN A PURE CAPACITIVE CIRCUIT 

Similarly, it may be shown that the power in a capacitive cir- 
cuit is wattless power, and the total power consumed is zero. 
A wattmeter placed in a pure capacitive circuit would read 
zero. This isn't hard to understand. Remember that if you 
place only a condenser in a circuit, it will store up energy from 
the alternator as it is charged and return the energy to the 
alternator as it is discharged. 

POWER IN AN INDUCTIVE-RESISTIVE CIRCUIT 

If a circuit contains both inductance and resistance, the cur- 
rent is neither in phase nor 90 0 out of phase with the voltage. 
The current and voltage must differ in phase by an angle be- 
tween o° and 90 0 . 

Figure 135 shows the sine curves for the voltage, current, 
and power in an inductive-resistance circuit. At points A, B, C. 
D, and E, either the current or the voltage is zero. Therefore, 
the power must be zero at these points. 




Figurt 135. — Powtr in « r«*istiv#-tnductiv« circuit. 

Between points A and B, and between C and D, the current 
and voltage are opposite in working force, and the power is 
negative. Between B and C, and between D and E, they are in 
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the same direction and the power is positive. You will notice 
that the area under the positive part of the power curve is 
greater than the area under the negative part of the curve. 
Therefore, the average power is positive but it is less than 
the product of E and /. 



APPARENT POWER AND TRUE POWER 

You have learned that power in a circuit is expended by the 
resistance. Then — 




Er'IR 

Figure 136.— Victor diagram of a tariat circuit containing L and R. 



Figure 136 is a vector diagram of a series circuit containing 
inductance and resistance. By using trigonometery the follow- 
ing relationship is obtained — 

IR = E X cos 6 

therefore — 

P — / X E X cos 6 = EI cos 0 

where — 

6 =the phase angle between voltage and current. 
Costf = the power factor of the circuit. 

P =the TRUE WATTS Or TRUE POWER. 

EI =the apparent power (volt times amperes). 

The power factor of a circuit is — 

true power _ P 



P.F. =cos 0 



apparent power EI 



So the power factor of a circuit is the ratio of the actual 
power, true power, dissipated in the circuit to the apparent 
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power indicated by the product of E X /. Power factor is 
never greater than i.o and is usually less than one. 

Similarly, it may be shown that the power in a circuit con- 
taining resistance and capacitance in series, or resistance, 
capacitance, and inductance in series is the same as for an in- 
ductive-resistive circuit — 

P=E1 cos e 

In a series circuit, if Xl is greater than Xc, the current is 
lagging, and the circuit has a lagging power factor. If Xc is 
greater than Xu the current is leading, and the circuit has a 
leading power factor. 

Example — If a circuit containing 45 ohms resistance, 20 
microfarads of capacitance, and 0.1 henry of inductance is con- 
nected across a 125 volt, 60 cycle supply, find: (a) the im- 
pendance of Z of the circuit; (b) the* current / in the circuit; 
(c) the voltage E T across the resistance; (d) the voltage E x 
across the inductance; (e) the voltage Xc across the capaci- 
tance; (/) the power P consumed in the circuit; (g) the phase 
angle 6 between the current and the line voltage; (h) the 
power factor of the circuit. 

Here is the solution — 

First find — Xl = 2viL*= 2* X 60 X 0.1 — 377 ohms. 

io e io e 

Next — Xc — = 132.9 ohms 

2 ir fmf. 2 ir X 60 X 20 

Then find — 
Part (a) 

Z - VR 2 + (Xc — X L ) 2 = V45 2 + (132.92- 377) 1 - 
105.3 ohms 

E 125 

Part (b) / = — = =1.188 amp. 

z 105.3 

Part (c) £ R =//? = 1.188X45 = 53-5 volts 
Part (d) 1.88 X 377 = 44-8 volts 

Part (e) Ec = IXc = 1.888 X 132.9 = 157.8 volts 
Part (/) P = / X £r = 1.888 X 53 5 = 63.5 watts 
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Xc — X t 95.Z 
Part (g) tan 6 = — —^1155 

R 45 
$ = 64.7 0 current leading 
Part (h) P.F. — cos 64. 7 0 =— 0.427 leading. 

Figure 137 shows the vector diagram for the above problem. 
You will notice that the voltage across the capacitance is greater 
than line voltage. This would indicate an error if this were a 



El 1 






Er 




\ 9=64.7°| 


t 

El 

\ ■ 


Ec 



Figura 137. — Victor diagram showing loading powtr factor. 

d.c. circuit. But in a.c. circuits, quite frequently the individual 
voltages in parts of the circuit are greater than the total 
voltage. The reason for this is the difference in the phase re- 
lationship of the several voltages. Where a condenser and an 
inductance are in series in an a.c. circuit, the voltage across 
either or both of them may be greater than the total voltage. 
But, the difference of the two must be less than the line 
voltage. 

In practice, parallel circuits are more common than series 
circuits. The solution of problems with two or more loads in 
parallel is found by finding the current in each branch of the 
circuit and adding them vectorially to find the resultant. Of 
course the voltage is common to all parts of the circuit and is 
used as a reference vector. 
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The solution of a parallel circuit is illustrated by the follow- 
ing example — 

A resistance of 10 ohms, a capacitive reactance of 8 ohms, and 
an inductive reactance of 15 ohms are connected in parallel 
across a 120 volt, 60 cycle supply as shown in figure 138A 




Rgur« I3«.— ?«nlltl L-C circuit with Victor diagram. 



Find: (a) the total current; (b) the power factor of the cir- 
cuit; (c) the power. 

First, calculate the branch currents — 
E 120 

/r = — = = 12 amp. in phase with £. 

R 10 
E 120 

Ic = — = =15 amp. leading E by 90 0 . 

Xc 8 
E 120 

/l = — = — 8 amp. lagging £ by 90 0 . 

Xl 15 

These currents are shown vectorially in figure 138B. Add- 
ing them vectorially, the line current or total current is — 

(a) I = i2 2 +(i5 — 8) 2 = 13.9 amp. leading. 
Now, find the power factor and the power — 

Ik 12 

(b) Cos 6 = I = 0.864 = P.F. 

/ 13-9 

(c) P =- £ X /r — 120 X 12= 1440 watts 



Also P = El cos 6 = 1 20 X 13 9 X 0.864 = 1440 watts. 

From the vector diagram used in the solution of the series 
and parallel circuits above, it should be obvious that in a single 
phase a.c. circuit — 

P — El cos 6 

the power factor is — 

P true power 
P.F. = cos 0 = = 

EI apparent power 

and, 

R 

P.F. = Cos 6 = — . 

Z 
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CHAPTER 17 



ALTERNATING CURRENT GENERATORS 
GENERAL PRINCIPLES 

In a d.c. generator a commutator is used to change the gen- 
erated emf to a d.c. voltage. If slip rings are used instead of 
the commutator, alternating current will be supplied to the ex- 
ternal load. In this case the machine is called an alternator. 

The fundamental principle for the generation of an emf in an 
alternator is the same as in a d.c. generator. That is, the gen- 
eration of emf in an armature conductor depends only on a 
relative motion between the conductor and the flux field. 
The flux field may be stationary and the armature rotated, or 
the armature may be stationary and the field rotated. 

In practically all d.c. generators, the field is stationary and 
the armature is rotated. But in practically all alternators, the 
armature is stationary and the field is rotated. 

This construction has distinct advantages. A rotating arma- 
ture requires slip rings for carrying current to the external 
load. Such rings are difficult to insulate and are a frequent 
source of trouble, often causing opens and short circuits. A 
stationary armature requires no slip rings. The armature leads 
can be continuously insulated conductors from the armature 
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coils to the bus bars. Also, it is more difficult to insulate the 
conductors in a rotating armature than in a stationary arma- 
ture, because of the centrifugal force resulting from rotation. 
The stationary armature makes it possible to operate alter- 
nators at voltages that are impossible in d.c. generators. 

The slip rings for the rotating field offer no serious diffi- 
culty. The field voltage seldom exceeds 250 volts and the 
amount of power is small compared to the power delivered by 
the armature. 

SINGLE PHASE ALTERNATOR 

If an alternator is wound to deliver only one voltage to an 
external load, it is a single phase alternator. If the arma- 
ture coils on a d.c. armature were connected to two slip rings 
instead of a commutator, it would be a single phase alternator. 
The armature has a single phase winding. Actually, very few 
alternator armatures are wound this way, but the general princi- 
ples in winding the armature of an alternator are the same as in 
d.c. windings. The types of winding used in alternators and 
the winding methods will be discussed later. 




Figure 139. — Single phase alternator. 

Figure 139 is a simple representation of a single phase, two 
pole alternator. When the coil is rotated in the flux field, an 
alternating emf is induced in the coil. If the terminals of this 
coil are brought out to two slip rings as shown, an alternating 
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current can be delivered to an external load. This current will 
have a sine wave form as shown in figure 140. All alternators 
are designed to produce as nearly as possible a voltage which 
has a pure sine wave, because that is the only type of voltage 
that will retain its shape when passed through a transformer. 
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Pigurt 140. — SingU ph«s# «.c. 



Single phase alternators are seldom used. Instead, poly- 
phase alternators are used. A single phase alternator de- 
livers only 57.7 percent of the power which it would deliver if 
it were wound three phase. 

POLYPHASE WINDINGS 

An alternator with two or more single phase windings sym- 
metricallv spaced on its armature has a polyphase winding. It 



227 



Figurt 14 L — Two phasa alternator. 



will generate polyphase voltages. Figure 141 is a simple dia- 
gram of an alternator which has two single phase windings 90 0 
apart. 

Two voltages are generated in the alternator. The two volt- 
ages are alike in every respect, but there is a time displacement 
of 90 0 between them. As shown in figure 142, voltage E 




Figura 142. — Two phata a.c. 

reaches its maximum value 90 0 behind voltage E. This is a 
two phase alternator. If the ends of the two windings are 
brought out to four slip rings, a two phase voltage can be 
delivered to an external load. 

If the armature of the alternator has three single phase 
windings symmetrically placed around its armature, three volt- 
ages can be generated. These windings would be 120 0 apart. 
Therefore, the time displacement of the voltages would be 120 0 . 
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Figurt 143.— Thr^t phut • Ittrnator. 

An elementary diagram of a three phase alternator is shown 
in figure 143. The sine waves for the voltages generated in 
this alternator are shown in figure 144. 
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Figure 144. — Thro ph*M a.c. 

A three phase alternator is generally used because it gives a 
smooth power, it is smaller than a single phase alternator of the 
same power rating, there is less pulsating armature reaction, 
and the system requires less copper than a single phase system 
which delivers the same power. 

STAR AND DELTA CONNECTIONS 

The diagram in figure 143 shows the six terminals of a three 
nhase winding brought out to six slip rings. But this method 
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isn't used. Instead, the windings are connected either star or 
delta, and only three leads are brought out. In the rotating 
armature type of alternator, these three leads are connected to 
three slip rings. In the stationary armature type, the three leads 
are connected directly to the bus bars. 

The star connection is also known as a Y connection because 
the schematic diagram of this connection resembles the letter Y. 
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Figure 145. — A star connection. 

In the star connection, either all the start or all the finish ends 
of the three windings are connected together as shown in the 
schematic diagram in figure 145. The three remaining ends are 
brought out to the external load. 

The voltages generated in the three windings are represented 
vectorially in figure 146 for both types of connections. In the 




Y CONNECTION A CONNECTION 

Figure 146. — Vector diagram of voltagas in throo phato circuits. 

star connection, the voltage between any two of the lines is 
equal to the voltage generated in one coil multiplied by 1. 73. 
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This means that if the voltage generated in one of the phase 
windings is 100 volts, the voltage across any two lines is 173 
volts. In the star connection, the windings are in series with 
the line, so the line current must be the same as the phase 
current. 

The delta connection is so named because it resembles the 
Greek letter A. To make the delta connection, the finish end 
of the first winding is connected to the start of the second wind- 
ing, the finish of the second winding is connected to the start 
of the third winding, and the finish of the third winding is con- 
nected to the start of the first winding. A schematic diagram 
of the delta connection is shown in figure 147. At first it may 
appear that a high current would flow continuously through 




Figure 147. — A d«ltt connection. 

the windings. But because of the phase displacement of the 
three generated voltages, negligible currents or no current will 
flow if the alternator is properly designed and constructed. 

The line leads are taken from points A, B, and C. The volt- 
age between any two of the lines is equal to the phase voltage, 
that is, the voltage generated in one winding. However, 
the line current is 1.73 times the current in any one phase of 
the winding. 

An explanation of the current and voltage relationships be- 
tween phase and line in three phase alternators will be given in 
a later discussion of polyphase circuits. 
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POWER IN A THREE-PHASE, BALANCED, 
Y-CONNECTED LOAD 



The total power of a three-phase system will be the sum of 
the powers in each individual phase. In the balanced three- 
phase system this amounts to three times the power in one of 
the phases, since each phase would have the same power ex- 
penditure — 

Total power — 3 X phase power 

P, — 3 (ei cos 9) 
In the K-eonnected system — 
f— E/1.73, 
<— I, 
and, 3— 1.73 X 1.73 
Therefore, P, — 1.73 X i-73 X E/ 1.73 X / X cos 6 

— 1 .73 EI cos $ 
Cos 6 is the power factor of the load or the cosine of the 
"phase angle" — that angle between the phase • voltage and the 
phase current. 

POWER IN A THREE-PHASE, BALANCED, 
DELTA-CONNECTED LOAD 

In any polyphase system, the total power will be the 
sum of the phase powers, and in any balanced system, the 
power in all phases must be equal. In the balanced delta-con- 
nected load, therefore — 

P t = 3 ei cos 0 

But since e — * E 
and i — 1/ 1.73 

therefore P t = 1.73 X i-73 X E X //1.73 X cos 6 
= 1.73 El cos 6 
This equation is obviously the same as the equation for total 
power of a balanced, Y-connected load and we conclude that 
this equation represents the expression of total power in any 

BALANCED, THREE-PHASE SYSTEM. 

RATING ALTERNATORS 

You know that the power of an a.c. circuit depends upon the 
power factor of the circuit, as well as on the current and volt- 
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age. When the power factor is low, and an alternator is deliver- 
ing a load well within its rated capacity, the current may be far 
in excess of the rated capacity of the alternator. 

There is a limit to the amount of current which an alternator 
can carry because of the heating of the conductors. Therefore, 
the rating of an alternator cannot be expressed in kilowatts as 
in a d.c. generator. It must be expressed in some unit that will 
take into account the total current delivered by the alter- 
nator. To do this, the capacity is expressed in kv. amps., or 
kilovolt amperes. In this way the machine's capacity is inde- 
pendent of the power factor of the system it is supplying. 

Sometimes the power factor of the system which the alter- 
nator supplies is kept constant. The alternator for the main 
propulsion motor on some destroyer escorts is an example. In 
a case of this kind, the alternator rating is often given in kw. 
at the given power factor. 




Figure 148. — An • l+«rn«tor stator. 



ALTERNATOR CONSTRUCTION 

As has been stated, most alternators have a rotating field and 
stationary armature. The stationary part of the armature 
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is called the stator. The stator consists of a laminated iron 
core and the armature windings. The windings are embedded in 
slots in the core as shown in figure 148, and the core is secured 
to the stator frame. 

The rotating part of the alternator is called the rotor. When 
the field of the alternator is placed upon the rotor, it is either 

FIELD SQUIRREL CAGE 




Figure 149.— Salient pole type rotor. 



the salient pole type or the turbo type. In either case, the 
alternator is separately excited by a d.c. generator. The d.c. 
generator may be driven by the same shaft that drives the rotor 
of the alternator or by a separate prime mover. 

The salient pole type rotor is shown in figure 149. A num- 
ber of separately wound poles of the type shown in figure 150 
are dovetailed or bolted to the spider of the rotor. The field 
windings are then all connected in series, or groups of coils are 
connected in series and the groups connected in parallel, and the 
ends of the circuits connected to slip rings. The slip rings are 
insulated from and mounted on the rotor shaft. 
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Copper bars are often embedded in the face of the field pole 
and connected at their ends with brass rings. These are used in 
engine driven alternators to improve parallel operation. 




Figure ISO. — Separately wound pole rotor. 



The salient pole rotor is used in slower speed alternators 
which are driven by engines, water power, geared turbines, and 
electric motors. 

In higher speed alternators driven by direct-connected steam 
turbines, the turbo type rotor is more practical. It is difficult 
to build projecting poles which will withstand the centrifugal 
force at high speeds. The projecting poles also cause excessive 
wind losses and are noisy. 

The turbo type rotor is cylindrical, small in diameter, and it 
has its winding embedded in slots in its face (figure 151). 
These windings are so arranged that they form distinct poles, 
usually two or four. Figure 152 will give you an idea of how 
these windings are in the face of the rotor. 

Naturally, with its small diameter this rotor would have to 
be longer to provide sufficient field strength. The turbo con- 
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Figure I SI. — A fur bo wound rotor. 

struction results in considerable heat being liberated in small 
spaces; it is necessary to use forced ventilation. The alter- 
nator is enclosed so that the air currents can be directed and 
noise reduced. 




Figure 152. — A fur bo wound lUtor. 

For practical reasons, all direct-connected turbine driven al- 
ternators of 500 kv. amp. and greater will be of turbo construc- 
tion. However, for sizes smaller than 500 kv. amp., it is more 
economical to use salient pole alternators driven at slower 
speed. If necessary, reduction gears are used to reduce the 
speed. 
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VOLTAGE REGULATION 

As the load on a shunt generator is increased, the terminal 
voltage drops. This voltage drop is caused by armature re- 
action, by IR drop in the armature, and by the weakened field 
which results from the first two causes. The alternator, on 
the other hand, is affected by the first two, but not by the 
weakened field. However, in addition to the IR drop in the 
armature, there is a reactance drop IX. 

In the d.c. generator, armature reaction depends upon the 
current flowing and on the position of the brushes. In an al- 
ternator, it depends upon the stator current and on the 
power factor of the circuit. 

A stator current which lags the voltage by 90 0 has an effect 
similar to moving the brushes forward 90 0 in a d.c. generator. 
This is shown back in figure 52. The stator current does not 
reach its maximum until the south pole has advanced 90 electri- 
cal degrees. All the flux produced by the stator opposes the 
field flux, and therefore weakens it. This causes the generated 
emf to go down. 

If the current leads the voltage by 90 0 , it reaches its maxi- 
mum value 90 0 electrical degrees before the south pole moves 
under the stator conductors. The flux of the stator conductors 
is now in the same direction as the field flux and strengthens it. 
This causes an increase in the generated emf. 

Thu9 you may conclude that the terminal voltage varies with 
the IR and IX drops in the stator winding and the power factor 
of the load. An alternator which has satisfactory voltage regu- 
lation at unity power factor may have very poor regulation at 
low power factor. 

The regulation of alternators is inherently poorer, than the 
regulation of d.c. generators. In addition to this, the starting 
current of an a.c. induction motor may be eight times its normal 
full load current. This current may last for only a few cycles, 
and it is of low power factor. But, unless it is carefully con- 
sidered in the design of the plant, it will tend to reduce the 
voltage of the system to the point where all controller holding 
coils, bus transfers, and so on, connected to the system will 
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drop out. Close voltage regulation and control is necessary to 
obtain satisfactory operation of all electrical equipment on the 
system. 

COMPENSATING FOR VOLTAGE REGULATION 

The alternator field current is supplied by a stabilized shunt 
generator called the exciter. The voltage regulation caused 
by the varying load on the alternator must be compensated for 
by controlling the current which this exciter supplies to the 
rotating field. 

While the alternator is delivering normal load, the exciter 
furnishes a steady current to the alternator field. If the a.c. 
load suddenly increases, it results in a decrease in terminal 
voltage of the alternator. In order to counteract this decrease 
in voltage it is necessary to increase the d.c. current supplied to 
the field of the alternator. Thus, you see, it is necessary to 
change the excitation of the alternator each time the load 
changes in order to maintain a constant voltage. 

For conditions which exist on the electrical system aboard 
ship, hand adjustment of the alternator field is neither quick 
enough nor accurate enough to maintain a constant voltage. 
So f automatic voltage regulators are used. 

HOW IT IS DONE 

For the emergency generator, where the high degree of 
regulation required by ship's service plant is not essential, the 
variable resistor type regulator is used. It has a voltage- 
sensitive element in the form of a solenoid or torque motor. 
This element is actuated by the a.c. voltage. Any change in the 
a.c. voltage will cause the sensitive element to exert a mechani- 
cal force on a variable resistor in the alternator or in the ex- 
citer field. The regulator is normally at rest and operates only 
when a change in excitation is required. 

The rheostat generally consists of resistance plates stacked 
one over the other, which are tilted together or apart by the 
mechanical action of the voltage-sensitive element, thus increas- 
ing or decreasing the resistance. All the resistance may be in- 
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scrted or removed within a few cycles or it may be varied 
slowly. 

The variable resistor regulator, also called direct acting 
rheostatic regulator, is usually placed in the field circuit of 
the d.c. exciter, except in the case of low capacity alternators. 

INDIRECT ACTING, RHEOSTATIC TYPE ALTERNATOR 

The indirect acting, rheostatic type of regulator is shown in 
figure 153. It provides for more accurate voltage regulation 
and is used on the ship's service alternators. It operates in the 
field of the alternator. 

The Voltage sensitive element, in this case a torque motor, is 
energized by a voltage directly proportional to the average 




Figure 153. — Indirect acting, rheostatic type regulator. 



voltage of the three-phase line. It controls a motor which 
operates the field rheostat, and it also controls relays which cut 
larere Works of resistance into or out of the field circuit. 
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The d.c. motor which operates the rheostat is controlled by 
the voltage sensitive elements. If the voltage decreases, the 
torque motor — voltage sensitive element — operates a set of re- 
lays which cause the rheostat motor to cut resistance out of the 
alternator field circuit until the voltage is normal again. If the 
voltage increases, the torque motor operates relays which 
cause the rheostat motor to run in the opposite direction and to 
cut resistance into the circuit. 

The response of the motor-operated rheostat is too slow 
to handle large, sudden changes in voltage. When these occur, 
the voltage sensitive element actuates high speed relays which 
insert or cut out large blocks of resistance in a vibrating man- 
ner until the motor operated rheostat has time to make the final 
adjustment. 

EQUALIZING REACTOR 

The purpose of the equalizing reactor is to prevent one al- 
ternator from furnishing all the reactive kv. amp. when alter- 
nators are operating in parallel. 

The reactor supplies a voltage which is in quadrature to the 
line current to one phase of the torque motor. Now, if all the 
alternators are operating at the same power factor, those volt- 
ages due to load current are in approximately the same phase 
relation and affect all regulators alike. However, if one alter- 
nator tends to carry more than its share of reactive kv. amp., 
the additional voltage due to the line current swings more in 
phase with the a.c. line voltage, and the regulator responds to 
reduce the excitation on this alternator until its power factor 
has been equalized with that of the other machines. 

This discussion of automatic voltage regulators is not for the 
purpose of describing any one of the various regulators in de- 
tail. The detailed construction and operation of any voltage 
regulator approved for Navy use may be studied from the 
equipment, plans, and instruction manuals available on each 
vessel. 

A manually-operated rheostat is installed to control the volt- 
age in case the automatic regulator should fail, or in instances 
where manual control is desired. A switch is provided by 
which the control may be shifted from the automatic regulators 
to the manually operated rheostat. 
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CHAPTER 18 



PARALLEL OPERATION OF ALTERNATORS 

WATCH YOUR CONNECTIONS 

Alternators on board ship must be capable of operating, in 
parallel. They are operated in parallel for the same reason d.c. 
generators are operated in parallel — to increase the plant capac- 
ity beyond the range of a single alternator — to make it possible 
to shut down an alternator and bring a standby machine on the 
line without interrupting the supply — and to serve as additional 
reserve power for expected demands. However, the parallel 
operation differs somewhat from the parallel operation of d.c. 
generators. 

Alternators, like a.c. generators, must also have equal volt- 
ages and correct polarity. And in addition they must have the 
same frequency, the same phase rotation, and must be parallel 
at an instant when their voltage sine waves have equal instanta- 
neous value. 

In the case of d.c. generators, the voltage of the alternator and 
the polarity can be checked with a voltmeter. The voltage of the 
alternator can also be checked with a voltmeter, but special 
synchronizing instruments must be used to check the other 
conditions. 

The correct phase rotation is obtained by connecting cor- 
responding phase leads of the alternators to the same buses. 
This is checked when the alternators are installed. If an alter- 
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nator is temporarily disconnected, the phases should be plainly 
and accurately marked, so that they can be connected back in 
exactly the same way. 

The polarity of the alternators is changing regularly — 120 
times per second on a 60 cycle line. You can see that at any 
instant the polarity of the incoming alternator may or may not 
be the same as the operating alternator. Their polarities — direc- 
tion of generated voltage — must be the same at the instant 
the machines are paralleled. 

If the direction of current in the incoming alternator and the 
operating alternator are both toward the line at the time the in- 
coming switch is closed, the polarity is correct for paralleling. 
But suppose the incoming alternator has a voltage opposite 
in direction to the voltage of the operating machine. That is 
the same thing as trying to parallel two d.c. generators of op- 
posite polarity. The incoming alternator becomes essentially a 
short circuit on the operating machine. 

If the switch of the incoming machine is closed somewhere 
between the extreme conditions, a portion of the current of the 
operating machine will be diverted to the incoming machine, 
tending to drive it as a motor. To avoid these conditions, syn- 
chronizing instruments are used to indicate to the operator the 
proper instant to close the switch of the incoming machine. 

SYNCHRONIZING LAMPS 

One of the oldest methods of synchronizing alternators is by 
use of lamps. Figure 154 shows how the lamps are connected. 
Three incandescent lamps are connected around the terminals 
of the switch to the incoming alternator. You will notice one 
side of each lamp is connected to a bus bar energized by the 
operating alternator. The other side of the lamp is connected to 
one phase of the incoming alternator. 

When the main switch is open, these lamps are energized by 
a voltage which depends upon the phase relation and relative 
magnitude of the incoming alternator voltage and the bus volt- 
age. If the voltage of the incoming alternator and the operating 
alternator are equal and in the same direction — both toward 
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the buses — the lamps will be dark. That is the proper in- 
stant to close the switch of the incoming alternator. 



TO INCOMING 
GENERATOR 




TO OPERATING 
GENERATOR 

Figure 154. — Circuit for using synchronizing lamps. 

However, if the generators are out of phase with each other, 
the voltage of the operating generator will be toward the bus 
bar when the voltage of the incoming generator is in the op- 
posite direction. The voltage across the terminals of the lamps 
will be the sum of the voltages of the two machines. The lamps 
will be brilliantly lighted when the two machines are exactly 
out of phase and that is the worst possible condition for 
paralleling. 

If the two machines are operating at different frequencies, 
the resultant voltage across the lamps will change continuously 
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and the lamps will flicker. The rate of flicker will depend 
upon the difference in frequencies of the two machines. If the 
frequencies of the two machines are widely separated, the 
lights will grow bright and become dark in very rapid se- 
quences. As the frequencies of the two machines become more 
equal, the flicker of the lights will slow down. When the flicker 
becomes very slow, the switch is closed while the lamps are 
dark. At this instant the simultaneous voltages of the two 
alternators are equal and in the same direction — same polarity. 

This method is used to synchronize alternators with rel- 
atively slow speeds, but it is not sufficiently sensitive for high 
speed turbo units. There may be a considerable phase dif- 
ference at the instant the lamps are dark. 



TO INCOMING 
ALTERNATOR 




TO OPERATING 
ALTERNATOR 

Figurt 155. — Synchro Umps, "two bright tnd ont dark" method. 

This objection may be overcome by what is called the "two 
bright and one dark" method. Connections for this method are 
shown in figure 155. It will be observed that the connections of 
the lamps in two of the phases are crossed. With this connec- 
tion, the alternators are in synchronism when lamps A and 
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B are at maximum bright and C is dark. When the alternators 
are approaching synchronism, one of the bright lamps is 
growing brighter and the other one is decreasing in bril- 
liancy. It is the distinction between the two bright lamps which 
permits the operator to determine more accurately the point at 
which the switch should be closed. 

SYNCHROSCOPE 

* The synchroscope is used to obtain accurately the position 
for synchronizing alternators. The synchroscope is based on 
the principle of the power factor indicator. In figure 156 the 




GENERATOR GENERATOR 
Figurt 156. — Synchroscope circuit tnd dial. 

magnet C of the instrument is excited by a winding which is 
connected through a potential transformer to the incoming alter- 
nator. Two moving coils A and B are placed at an angle of 90 0 
from each other. The connections are made through slip rings 
attached to the ends of these coils and to a common point 
between the coils. The moving element, which consists of the 
two coils, is connected through a potential transformer across 
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the bus bars. One coil is connected to one of the bus bars 
through a resistance R. The other coil is connected to the same 
bus bar through a reactance X. The common connection is 
connected to another bus bar. 

If the frequency of the incoming machine is the same as the 
bus, the combined effect of the magnetic field of the magnet 
and the magnetic field of the moving coils keeps the moving 
element in a stationary position. However, if the incoming 
machine is too fast, the moving element will rotate in one direc- 
tion. If the incoming machine is running too slow, the moving 
element will rotate in the opposite direction. If there is a great 
difference in the frequencies of the two alternators, the moving 
element will actually rotate at a speed which is dependent upon 
the difference in frequencies. 

As the machines approach the same frequencies, the indicator 
attached to the moving element of the synchroscope will slow 
down. 

The switch to the incoming machine should be closed when 
the indicator is moving slowly in the fast direction and 
just before it reaches the point of exact synchronism. 

Both the synchroscope and synchronizing lamps are usually 
installed and used for paralleling alternators. 

This is the story of paralleling an alternator with an energized 
bus — be sure you understand it. 

DIVIDING THE LOAD 

Once the alternators have been paralleled, the next step is to 
divide the load between them, or in some instances, shift all 
the load from the operating alternator to the alternator just 
brought on the line. 

This shifting of load from one alternator to another is ac- 
complished by a method altogether different from that used 
with d.c. generators. In the case of d.c. generators, the load or 
a part of the load is shifted from one machine to the other by 
operation of the field rheostat. That method doesn't work on 
alternators. 

If two alternators are operating in parallel and the field ex- 
citation of one is increased as the field excitation of the other 
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one is decreased, the load division will not be appreciably 
changed, because a reactive current will circulate between 
the two machines. This reactive current does not affect the 
kilowatt output of the alternators. However, it does increase 
the IR loss in the armature windings. This causes excessive 
heating and cuts down the efficiency of the alternators. 

An alternator is caused to take more load by increas- 
ing the power of its prime mover. This is done by adjusting 
the governor or throttle of the prime mover. 

Increasing the power of the prime mover of an alternator 
naturally tends to increase the speed of the alternator above 
the synchronous speed for the system. An increase in speed 
would pull the parallel alternators out of synchronism. But 
once alternators are operating in parallel they have a tendency 
to remain in step. So, instead of the speed of the alternators 
increasing, the alternator takes more of the load. 

You may ask why two alternators operating in parallel tend 
to remain in step. Well, if one alternator attempts to pull out 
of step, a current is developed which circulates between the two 
machines. This current tends to accelerate the lagging machine 
and to retard the leading machine and so acts to keep the two 
alternators in synchronism. 

PARALLELING AN ALTERNATOR WITH AN ENERGIZED BUS 

Now you have the overall picture of parallel operation, and 
it's time to sum up the steps in paralleling. Here's the situ- 
ation — one alternator is operating and the other is shut down. 
Your problem is to start the second alternator, parallel it with 
the first, and then divide the load between the two alternators. 
This is the procedure to follow — 

First, make a routine inspection of the equipment — 
See that the alternator circuit breaker and field switch 
are open. 

Be sure that the alternator disconnect link is closed. 

Cut full resistance into the alternator field and d.c. gen- 
erator field. Turn the voltage regulator transfer 
switch to the off position. 
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Second, start and adjust the second alternator by 
the following steps 

Start the prime mover and bring it up to normal speed* 
Decrease the resistance in the d.c. generator field until 

the exciter voltage is correct. 
Close the alternator field switch. 

Adjust the manually operated field rheostat until the 
alternator voltage equals the voltage of the line. This 
adjustment should be made as accurately as possible. 

Check the exciter voltage. Make the adjustment nec- 
essary to bring it to normal. 

Cut in the voltage regulator by turning the regulator 
transfer switch to normal. If necessary, use the 
rheostat to correct the voltage setting. 

Check the frequency with the frequency meter. Use the 
governor motor control switch to adjust the prime 
mover's speed to correct any errors in frequency. 

Check the alternator voltage again to see that it is equal 
to the bus voltage. 

Third, parallel the two alternators by the follow- 
ing steps — 

Put the synchronizing switch in the on position. 

Adjust the speed of the incoming alternator until the 
synchroscope rotates very slowly in the fast direction. 

Be sure that the voltage of the incoming alternator re- 
mains equal to the bus voltage. 

Close the alternator circuit breaker just before the syn- 
chroscope pointer passes through zero position — and 
now the two alternators are operating in parallel. 

Fourth, shift part of the load to the incoming al- 
ternator. Here are the steps — 

Increase the power to the prime mover of the incoming 
alternator while you decrease the power to the prime 
mover of the other alternator. The power of the 
prime mover is increased by turning the governor 
motor control switch toward raise and decreased by 
turning the switch toward lower. 

Check the load shift by reading the wattmeters. 
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When the load is properly divided between the two alter- 
nators, check the ammeters and power factor meters 
for further indication of proper operation. 

Adjust the exciter voltage of the alternator field until 
the power factor meters read the same. 

If no power factor meters are available adjust the ex- 
citation voltage until the ammeters read the lowest 
total value. 



POWER FACTOR METER 

The principle of construction of the power factor meter is 
shown in figure 157. The meter contains fixed coils A and B, 
which carry the circuit current. Coils C and D are fastened 
rigidly together and mounted on a spindle that is free to rotate. 
There is no mechanical control, such as a spring, for this mov- 




ing element. The angle between the coils is 90 0 , or nearly 
90 0 . Coils C and D are connected together at the common 
point E, and E is connected to the same side of the circuit as 
coils A and B. A noninductive resistance R is connected be- 
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tween coil C and the side of the line opposite E. A high in- 
ductance L is connected between the same line and coil D. 

Assume for the moment that L is pure inductance and R 
is pure resistance — then the currents in coils C and D are 
90 0 out of phase. 

^Now suppose the power factor of the circuit is unity. The 
current in coil D is lagging the line current by 90 0 . So, 
the flux around coil D lags the flux of coils A and B, and no 

DEFINITE TORQUE IS DEVELOPED. 

But current in coil C is in phase with the line current. 
Therefore, the flux of coil C is in phase with the flux of coils 
A and B and the resulting torque will move the plane of coil C 
to the plane of coils A and B. 

Hence, at unity power factor, the moving element takes such 
a position that coil C is in the plane of coils A and B. The in- 
dicator is fixed to point to unity or 100 percent power factor. 

If the power factor of the load is zero, the current through 
coils A and B is 90 0 out of phase with the voltage. That means 
it is in phase with the current through coil D and 90 0 out of 
phase with the current through coil C. Now the flux of coil C 
is 90 0 out of phase with the flux of coils A and B and it 
doesn't exert any definite torque. The flux of coil D is in 
phase with the flux of coils A and B. The flux of the three 
coils will tend to line up along the same axis. Thus a torque 
is exerted pulling coil D into the plane of coils A and B. The 
moving element is rotated to a position 90 0 from its position at 
unity power factor. So, when the current changes its time 
phase by 90 0 , the moving element changes its position by 90 0 . 
The direction in which the element turns depends on whether 
the current is leading or lagging. 

If the current and voltage are out of phase by any angle less 
than 90 0 , the element will move a corresponding distance. The 
scale may be calibrated in degrees ; the pointer will then indi- 
cate the power factor angle of the circuit. If the scale is 
marked to indicate the cosine of the angle of lead or lag, the 
power factor can be read directly from the scale. 

It is impossible to obtain either pure resistance or pure in- 
ductance, so the current in coils C and D will not differ by ex- 
actly 90 0 . The space angle between coils C and D is made 
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equal to the phase difference between the currents of the two 
coils. 




Figure 158. — Thro-phts* powir factor mtt«r. 



If the angle between coils C and D is made to equal 120 0 , 
the meter can be used to determine the power factor of a three 
phase system, provided the load is a balanced load. 

Figure 158 shows the connections for a three-phase power 
factor meter. The common connection is made to the same 
line as the stationary coil. One of the leads from the moving 
element is connected to one of the two remaining lines, and the 
other lead is connected to the third line of the system. 

CARE OF ALTERNATORS 

A.C. equipment should receive the same care as d.c. equip- 
ment and the same precautions must be observed. An alter- 
nator has no commutator, but the slip rings must be kept in 
good condition at all times. The brush tension should be kept 
at a pressure of four pounds per square inch of contact surface. 

Of course the alternators must be kept at the correct speed. 
Any variation in speed will cause a corresponding variation in 
the frequency of the line current. This would disturb the 
operation of all equipment on the line. Once adjusted, the 
sneed is keot constant by governors on the prime mover. 
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DIESEL EMERGENCY GENERATOR 

For emergency operation, diesel driven generators are in- 
stalled. The typical plant consist of two such units, one for- 
ward and one aft. Each has appropriate switchboard and 
switching arrangements. 

The capacity of the emergency unit varies according to the 
size of the vessel on which it is installed. But regardless of 
the size of the installation, the principle of operation is the 
same. 

Diesel engines are started either by compressed air or by a 
small d.c. motor driven by storage batteries. The engines are 
designed to develop full rated load power within 10 seconds. 

In a typical installation, the starting mechanism is actuated 
when the ship's supply voltage on the bus falls to 350 volts. 
The generators are not designed for parallel operation. So, 
when the ship's supply voltage fails, a transfer switch auto- 
matically throws the load from the main distribution switch- 
board to the emergency switchboard. 

When the ship's supply voltage is restored and the voltage 
reaches a predetermined value — say 405 volts — the automatic 
transfer switch throws the load back to the main distribution 
switchboard. After this occurs, the engine must be stopped by 
hand and manually reset for automatic starting. 

Since the generators are of limited capacity, only certain cir- 
cuits can be supplied from the emergency bus. These include 
such circuits as the steering gear, boiler room auxiliaries, and 
the interior communication switchboard. If some vital circuit 
is secured, some non-vital but necessary circuit may be cut in, 
up to the capacity of the generator. 

The emergency system is important. The wiring provisions 
differ for different ships. You should acquire a thorough 
kpowledge of the emergency system aboard your ship. 
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CHAPTER 19 



TRANSFORMERS 
A REVIEW 

The transformer is used primarily to step-up or step-down 
voltage in an a.c. circuit. You should remember that the ratio 
of the secondary voltage to the primary voltage is the same as 
the ratio of the turns in the secondary winding to the turns in 
the primary winding, or — 

E. r. 

So, if you wish to make a step-up transformer, you put more 
turns on the secondary than on the primary ; and a step-down 
transformer has more turns on the primary. 

The current flowing in the windings is determined by the load 
on the secondary. Neglecting iron and copper losses, the volt- 
ampere output of the secondary is equal to the volt-ampere 
input to the primary* or T»E, = IpE p Therefore — 
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/ P T. 

Or, another way of stating it — the power in the primary circuit 
is equal to the secondary power dissipation. You can't take 
more out than you put in. 

COOLING TRANSFORMERS 

All of the energy loss in a transformer is dissipated in the 
form of heat. This loss is small in proportion to the total capac- 
ity of the transformer. But, in transformers of larger capacity, 
it adds up to a considerable amount of heat. Thus, some method 
must be provided for cooling the transformer. 

In general, transformers are cooled either by free circulating 
air or by air blast from a blower. The cooling method used will 
depend on the capacity of the transformer, and where it is 

TO BE USED. 

The smaller transformers of less than 25 kv. amp. capacity — 
including most of the instrument transformers — are usually air 
cooled. That is, the heat is taken away by the natural circu- 
lation of the air. 

Larger capacity transformers located in places where oil is 
considered a fire hazard are cooled by air blast. The trans- 
former is placed over an air chamber, and the air pressure is 
maintained by a blower. 

POLARITY OF TRANSFORMERS 

Before transformers can be connected for either series or 
parallel operation, it is necessary to know their polarity. You 
remember when paralleling alternators it is necessary to have 
the correct polarity to prevent one machine becoming a short 
circuit on the other. Well, the same precaution must be taken 
with transformers. If the polarity isn't correct, the transform- 
ers will be burned out. 
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You know, of course, that the polarity of the a.c. current in 
the windings is rapidly changing. However, the secondary 
always changes with the primary, and like polarity of the 
primary and secondary may be determined for any instant of 
any alternation. Like polarity means that one primary and one 
secondary are both maximum positive at the same instant, 
while at the same instant the other primary and other secondary 
terminal are maximum negative. That's all there is to trans- 
former polarity. The terminals or leads may be marked to in- 
dicate their likeness of polarity. These marks are called polar- 
ity markings. 

Nearly all modern transformers have their high and low 
voltage leads marked. Generally, the high voltage leads are 
marked H l and H 2 , and the low voltage leads are marked X x 
and X 2 , as shown in figure 159^ and 159$. These marks in- 
dicate the relative polarities of the windings. The marks 
which have the same subscripts have the same polarity at 
any instant. For example, //, and X 1 are maximum at the 
same time. These marks are used when connecting two or 
more transformers in parallel or series. 

If the transformer leads aren't marked you must mark them. 
The high voltage leads are usually brought out on one side of 
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the transformer and the low voltage leads are brought out on 
the opposite side. 

The accepted method for marking the high voltage primary 
and secondary leads is — face the high voltage side of the 
transformer and mark the right hand lead H v The other 
high voltage terminal is marked H 2 . 

To mark the other leads, connect the primary of the trans- 
former to the line. Connect one lead of the primary to an 
adjacent lead of the secondary as shown in figure 160A. Ex- 
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Figure 160. — Mtthod of checking polarity. 



cite the primary and take a voltage reading across the other 
primary and secondary leads. If the voltmeter reads the sum 
of the voltages of the two windings, the two windings are con- 
nected in series — the voltages add together — and the polarity 
of the low voltage leads would be marked as shown in figure 
160A. The X x lead is diagonally opposite the H x lead, and the 
transformer is said to have addition polarity. 

If the voltmeter indicates the difference between the volt- 
ages of the two windings, they are connected so that their volt- 
ages oppose or subtract. That means the like polarities are 
connected together (figure i6ofl). So, X x is adjacent to H l9 
and the transformer is said to have subtractive polarity. 
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Don't let that subtractive additive polarity designation throw 
you. These terms are only used to identify certain conditions. 
Additive polarity tells you that the high and low voltage 
leads diagonally opposite each other have the same polarity. 
And subtractive polarity tells you that adjacent high and 
low voltage leads have the same polarity. 

Whether the transformer is additive or subtractive polarity 
doesn't affect the operation of the transformer. The important 
thing is to have the polarity marks correct before connecting 
the transformer for series or parallel operation. 

PHASING SPLIT WINDINGS 

Many transformers are constructed with two or more 
windings on the secondary, and some have two or more wind- 
ings on both primary and secondary. By connecting either the 
primary or secondary windings in series or parallel, different 
voltage and current capacities may be obtained from the trans- 
former. 

Before these windings can be connected for series or parallel 
operation, the polarities must be known. A typical system of 
marking polarities is shown in figure 161. In this case, H x and 
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transformer. 

H 4 indicate the end leads or terminals for the full winding. 
For series operation of the high voltage winding, H 2 and H % 
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would be connected together and H x and H A connected to the 
supply line. For parallel operation, H x and H t would be con- 
nected together and connected to one side of the supply, while 
H t and H A would be connected together and connected to the 
other side of the supple line. The same method would be used 
for connecting the low voltage windings for series or parallel 
operation. 

PHASING OUT 

If the leads aren't marked, then it is necessary to determine 
their polarities. The process of checking the polarities is called 
phasing out the windings. 

To illustrate phasing out, suppose a transformer has two 
unmarked no volt windings on its primary and you wish to 
connect them in series so that the transformer may be con- 
nected to a 220 volt supply. Proceed as follows — 

If there is a no volt a.c. supply available, connect one wind- 
ing to it as shown in figure 162. Since the other winding is on 



MO VOLT A-C SUPPLY 




Figure 162. — Method of phasing out transformer coils* 

the same core and has the same voltage rating, it will have 
approximately no volts induced in it. Connect on lead C of 
the winding CD to B of winding AB. If the two windings are 
in series, a voltmeter across leads AD will read 220 volts— the 
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sum of the voltages of the two coils — and the connection is 
correct for series operation. Connections C and B are secured 
together and leads A and D are connected to the 220 volt line. 

The same test may be used for checking the relative polar- 
ities of both the primary and secondary windings of trans- 
formers. It just happens that both windings are primary in 
this instance. 

If, in the above experiment, the voltmeter reads zero, then 
leads C and D would have to be switched to get a series con- 
nection. However, a zero reading of the voltmeter would in- 
dicate the proper connection for paralled operation — C and D 
would be connected to one side of the supply line and A and B 
to the other side. 

If a no volt supply is not available, 220 volts can be used 
to phase out the windings. Figure 163 shows how the primary 
is connected to the 220 volt line for the test. Two leads, B and 
C — one from each winding — are connected together. The other 

220 VOLT SUPPLY 




Figure 163. — Phasing out 110 volt primary with 220 volts. 

two leads are connected to the 220 volt supply, with a resistance 
or inductance and an ammeter in the line. The purpose of the 
resistance is to protect the windings from a short circuiting con- 
nection. 

When the power is turned on, if the ammeter reads rela- 
tivfi-v row the windings are properly connected for series 
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operation. The ammeter and resistance or inductance can now 
be removed. 

However, if the ammeter reads a larger current, equal to ap- 
proximately E divided by the added R or Xl, the windings are 
not properly connected for series operation. Two of the leads 
must be switched before trying to operate the transformer on 
the 220 volt line. 
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Figure 164. — In correct connection for torios operation of transformers. 

Figure 164 illustrates the condition which exists when the am- 
meter reads the higher current. The two leads connected to- 
gether represent the same polarity at any instant, and, by your 
hand rule for solenoids, the flux fields of the two windings are 
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Figure 165. — How to phase a split secondary for series opera t, on. 

opposing each other. The total flux is zero, and therefore the 
Z of the two windings is very low, being only the 7? of the coils. 
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Thus, the circuit is virtually a short circuit. The current is 
limited only by the extra resistance placed in the circuit, whereas 
in the proper series connection the current is limited by the 
extra resistance and the high impedance of the two windings. 

A transformer with two windings on its secondary is often 
called a split secondary transformer. Figure 165 shows how 
the split secondary is phased out. 

Connect two leads — one from each coil — together, and con- 
nect a voltmeter or set of test lamps between the other leads. 
Excite the primary. If the vokmeter reads the sum of the volt- 
ages of the two windings the coils are properly connected for 
series operation. The two leads to which the voltmeter is at- 
tached for the test are the lines to connect to the load. 

However, if the voltmeter fails to indicate a voltage, the wind- 
ings are connected for parallel operation. One load line is con- 
nected to the leads that are already connected together, and the 
two leads connected to the voltmeter are joined together and to 
the other load line as shown in figure 166. 
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Figuro 166.— How to connect a split secondary for paralUI oporttion. 

THREE PHASE CONNECTIONS 

So far, the transformers discussed have been single phase, 
used to raise or lower single phase voltages. But, most alter- 
nators are three phase jobs, in which it is often desirable to 
stpn-nn or sten-Hnwn the voltage delivered. 
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A single phase transformer can be used to raise or lower one 
phase of a three phase voltage. So, to transform three phase 
voltages, three single phase transformers are needed — one 
for each phase. Although that isn't the only way the job can 
be done, it is the most easily understood and will be discussed 
first. 

When three transformers are used, there are two common 
ways of connecting them — star and delta. These are the 
same connections used in the alternators which generate three 
phase voltages. 

The current and voltage ratios for star and delta connected 
transformers are the same as were described earlier for star 
and delta connected alternators. However, they are given 
again to refresh your memory. For the star connection — 

Line I = Phase I 
Line E = Phase E X 173 
Phase E = Line E 1.73 

and for the delta connection — 

Line I = Phase I X 173 
Phase I = Line I -4- 1.73 
Line E = Phase E 

Remember that the star connection always increases the line 
voltage above the phase voltage, and the delta connection always 
increases the line current above the phase current. 

In connecting the transformers, the three primary windings 
and the secondary windings can be connected either star or 
delta. If both the primary and secondary windings are connected 
star, the connection is called a star-star connection. If both 
windings are connected delta, the connection is called a delta- 
delta connection. If the primary is star and the secondary 
delta, the connection is a star-delta connection. If the prim- 
ary is delta and the secondary star, it is a delta-star connec- 
tion. 

You will notice that in referring to these connections the 
primary is mentioned first — just as in speaking of the ratio 
between the primary and secondary windings. 
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STAR-STAR CONNECTION 



Figure 167 shows three single phase transformers connected 
star-star. You will notice that these transformers have polar- 
ity markings. To make a star connection, simply connect to- 
gether three terminals which have the same polarity marks. 
The other three terminals are connected in order to their re- 
spective phases — primary to supply and secondary to load line. 
By tracing this connection from each line wire through the 
phase windings, you will find it results in a star-shaped con- 
nection as shown in the small simplified sketch at the left of 
figure 167. 
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— Three transformers connected STAR-STAR. 
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If the transformers have no polarity markings, you must 
check and mark the polarities before making the connection. 
Or, you can use the following procedure — 

Connect three primary leads together — one from each trans- 
former — and connect the three remaining leads to the supply 
line. Then phase out the secondary windings. To do this, 
connect two of the secondary windings together as shown in 
figure 1 68. Excite the primary and measure the voltage across 



Figure 169. — Phasing out three transformer secondaries for ft«r connection. 

the open ends of the secondary windings. If the voltage is 
1.73 times the phase voltage — voltage across one winding — the 
two windings are properly connected for a star connection. 

If the voltmeter reads a voltage equal to the phase voltage, 
one of the windings should be reversed. 

Next, connect one lead of the third transformer winding to 
the point of connection of the two windings that were just 
tested and properly connected. Read the voltage across the 
opkn end of this transformer and the open ends of each of 
the other two. If it is 1.73 times the phase voltage, the con- 
nection is correct. If it is equal to the phase voltage, switch 
the leads of the third winding. Now the transformers are con- 
nected star-star and the three open leads of the secondarjr-can 
be connected to the load line. 

In figure 167, the primary phase voltage is the voltage be- 
tween the //, and H 2 terminals of any one transformer. Sim- 
ilarly, the secondary phase voltage is the voltage between X, 
and X 2 of any one transformer. 
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The primary line voltage is the voltage between leads LA 
and LB, LB and LC, and between LC and LA. This is the 
same as the voltage between any two of the three phase wires 
A, B, and C. 

The secondary line voltage can be measured between leads 
SA and SB, SB and SC, and between SC and SA. Or it can 
be measured between any two of the three phase wires A, B, 
and C on the secondary. 

HERE IS AN EXAMPLE 

To help you to understand the various voltages and current 
values of the secondary and primary lines and phases, the fol- 
lowing example is given. 

The transformers in figure 167 have a ratio of 4:1. The 
primary line voltage is 450 volts and the primary line current 
is 30 amperes. Find the primary phase; voltage and current, 
the secondary phase voltage and current, and the secondary 
line voltage and current. 

The primary is star connected. So, the primary phase volt- 
age is equal to the line voltage divided by 1.73, that is — 

Primary phase £ = 450 -f- 1 .73 — 260.7 volts (across each 
primary winding). 

Since the ratio is 4:1 — 

Secondary phase E «= 260.7 4 = 65.1 volts (across each 
secondary winding). 

The secondary is star connected, so — 

Secondary line E = 65.1 X 173 = 112.5 volts (voltage 
across any two lines). 

The primary phase current is equal to primary line current 
or 30 amperes since this is a star connection. 

In a transformer the current is increased in the same pro- 
portion the voltage is decreased, therefore — 

Secondary phase I — 4 X 30 = 120 amperes (flowing in any 
winding). 

Secondary line current is equal to secondary phase current, 
or 120 amperes. 

To check, remember that the power output of the secondary 
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is equal to the power input to the primary. So, at unity power 
factor — 

1-73 X 450 X 30 X 1 = 173 X 112.5 X 120 X 1 
23.355 kv - am P- = 2 3>355 kv - am P- 

DELTA-DELTA CONNECTION 

If you trace the connection in figure 169, you will find it re- 
sults in the A-shaped connection shown in the simplified dia- 
gram at the left of the figure. There, three transformers are 
connected df.lt a -delta. 

To connect the primary delta, H x of winding A is connected 
to H 2 of winding B, H y of winding B is connected to H 2 of 
winding A. and H y of winding C is connected to H 2 of winding 
B. That closes the three windings in a delta connection. The 
three points of connection are connected to the three wires of 
the three phase voltage line. 



Li L 2 L, 




Li L t L s 
Figur* 1 69, — DELTA-DELTA connection. 



The secondary windings are connected in the same manner as 
the primary windings, and the three leads go to the load line. 

If there are no polarity markings on the transformers, the 
three primary windings are connected delta without any atten- 
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tion to polarity. Then the primary is connected to the supply 
and the secondary windings are phased out, as shown in figure 
170. 

First conect the leads of winding A and B'. When the 
primary is excited, the voltage across the open ends of windings 
AA' and BB' should he equal to the phase voltage, in which 
case the windings arc properly connected. 1 f it is greater than 
phase voltage, one winding should be reversed. 

When A A 9 and BB' are properly connected, connect lead C 
of CC to tlie open end A' of winding AA\ The voltage across 
the open ends C and B should be zero, or practically zero. If 
it isn't, reverse the connections of winding CC. Remember, 

PHASE E 

1 — © — 1 




FIgurt 170. — Phasing thrto transformers for dolt* connection. 

the sum of the voltages around the delta must be zero or 
PRACTICALLY zero, otherwise a heavy short circuit current will 
flow in the windings. When the voltage reading is practically 
zero, remove the voltmeter and close the delta. 

A PROBLEM TO ILLUSTRATE 

The following problem illustrates the various current and 
voltage values in the primary and secondary lines and phases 
for a delta-delta connection. The problem uses the same values 
that were used in the star-star connection — primary line voltage 
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is 450 volts, primary line current is 30 amperes, and the ratio 
is 4:1. 

The primary is connected delta, so i»kim.\ky phase voltage 

EQUALS PRIMARY LINE VOLTAGE, Or 45O VOltS. 

Since the ratio is 4:1 — 

Secondary phase E - -450 14= 1 12.5 volts (voltage across 
any winding). 

Primary line current is 1.73 times phase current, so — 

Primary phase I = 30 -I 1.73 = 17.3 amperes (current in 
any winding). 

The turns ratio is 4:1, so — 

Secondary phase I — 17.3 X4^ 692 amperes (current in 
any winding). 

Secondary line I = 69.2 X 1.73 = 120 amperes (current in 
any line). 

You will notice that in both the star-star and delta-delta con- 
nection the ratio between the primary line voltage and the 
secondary line voltage — 450:1 12.5 — 4:1 — is the same as the 
ratio between the windings. Thus, with either of these connec- 
tions, it is possible to find the line voltages and currents without 
using the phase values. For example, if the primary line voltage 
of a star-star connected transformer bank is 4,000 volts and the 
ratio is 10:1, the secondary line voltage is 4,000 -f 10 = 400 
volts. 

STAR-DELTA CONNECTION 

Figure 171 shows a three-phase transformer bank connected 
star-delta, with the primary windings connected star and the 
secondary windings connected delta. To compare the various 
voltages and currents of the lines and phases with the corre- 
sponding values of star-star and delta-delta connections, solve 
the same problem that was used before — the primary line volt- 
age is 450 volts, primary line current is 30 amperes, and the 
ratio is 4:1. The other values are — 

Primary phase E = 450 — 1.73 = 260.7 volts. 

Secondary phase E = 260.7 "5- 4 = 65.1 volts. 
The secondary is connected delta so — 

Secondary line E = 65.1 volts. 
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Figurt 171. — A STAR-DELTA transformer connection. 



Notice that this voltage, 65.1 volts, is lower than was obtained 
in the star-star or delta-delta connection, although the ratio of 
the transformers is the same. 

The primary line current is 30 amp., so — 

Primary phase I — 30 amp. 

Secondary phase I = 4 X 30= 120 amp. 

Secondary line I — 120 X 1.73 — 207.6 amp. 
This secondary line current is higher than was obtained on 
the star-star or delta-delta connections. 

DELTA-STAR CONNECTION 

Figure 172 shows a three phase transformer bank connected 
delta-star. This connection is just the opposite of the con- 
nection in figure 171. 

To compare the results obtained from this connection, as- 
sume the same values that were used for the other connection — 
450 volts and 30 amperes on the primary line and a 4:1 ratio. 
The primary is delta connected ; therefore — 
Primary phase E — 450 volts 
Secondarv ohase E = 450 X 4 = 112.5 vo ' ts 
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Primary phase /: = 30 X 1-73 = 17.3 amp. 
Secondary phase / — 17.3 X 4 — 69.2 amp. 
The secondary is connected star, so- 
Secondary line E = 112.5 X i-73= *94-6 volts 
Secondary line / — 69.2 amp. 

Li Li L s 



PRIMARY LINE 




Figure 172. — A DELTA-STAR transformer connection. 



You will notice that the secondary line voltage is higher 
than in any of the other CONNECTIONS, and the transformer 
ratios are the same. For that reason the delta-star connection 
is often used to step-up voltages for transmission. It is pos- 
sible in this way to get a high secondary voltage with a small 
turns ratio. 

OPEN DELTA OR V CONNECTION 

If you removed one of the transformers from a delta-con- 
nected transformer bank, you would have the circuit shown in 
figure 173. What's more, this connection would continue to 
deliver a three phase voltage. It is known as the open delta or 
V connection. 
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Probably the first thing you want to know is how this con- 
nection can deliver a three phase voltage. Well, with a little 
help you can answer that for yourself. 

Take another look at figure 173. You know the voltage be- 
tween lines A and B is equal to the voltage across phase AB, 
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Figure 173. — An open delta transformer connection. 



and the voltage between lines B and C is also phase voltage. 
It was pointed out — in phasing windings for delta connections 
— that a voltage exists between lines C and A, and this 
voltage is equal to phase voltage. Thus you have a three 
phase voltage being delivered by two transformers connected 
open delta. 

The two transformers connected open delta deliver the three 
phase voltage, but they can not deliver as much power as three 
transformers of the same individual rating and connected delta. 

At first thought, you would probably expect the open delta 
connection to have two-thirds the capacity of the delta connec- 
tion. However, this is not the case. The kv. amp. capacity of 
the open delta is approximately 57. 7% of the delta connection 
having individual transformers of equal rating. This can be 
nroved as follows — 
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By observing figure 173, you will see that in an open delta 
conection the line current is equal to the phase current. 
This means that in order not to overload transformers the line 
current must not exceed the rated current of the individual 
transformer. 

In the closed delta connection at unity power factor, full load 
capacity is — 

F=i 73 E X I X 

Where— 

R x = line voltage 

/, = line current at rated load 

The rated current of the individual transformers — phase 

current — is . Thus in the open delta connection, the line 

1-73 

h 

current as compared to the line current of the delta is . So 

1.73 

the rated capacity of the open delta connection is — 

P= 173 £1 X = £, /, 

as compared to the delta connection. Therefore, the load which 
the two transformers can carry when connected in the open 
delta is — 

1 

Ei A + 173 Ei 1 1 — — 577 or 577% 

1.73 

In other words — 577% of the load which these transformers 
could carry when connected delta. 

ANOTHER EXAMPLE 

To illustrate further, suppose that three 10 kv. amp., 230 
volt, single phase transformers are connected delta. The ampere 
rating of each transformer is — 10,000-^-230 = 43.5 amperes. 

The line current, when each transformer is carrying full load, 
is 43.5 X 173 = 75-3 amperes. So the total load which could 
be carried by the delta connection without overloading the trans- 
formers would be — 

1 73 X 75-3 X 230 = 30,000 volt-amperes or 30 kv. amp. 
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If one transformer were disconnected, the remaining two, 
connected open delta, could carry 43.5 amperes without being 
overloaded. Also, 43.5 amperes would be the line current. 
Therefore, the total load of the open delta connection would 
be— 

1.73 X 43-5 X23<>= 17,310 volt-amperes or 17.31 kv. amp. 
Thus the load which is carried by the open delta connection is — 

17-31 30— .577 or 57.7% 
Again, S77 c / C °f ^ e l° a d which is carried by the delta connec- 
tion. 

Furthermore, instead of the two transformers carrying their 
rated load of 20 kv. amp. — 10 kv. amp. each — in open delta they 
can carry only 17.31 kv. amp. or — 

17.31 -f- 20= .8655 

Or, 86.55% of their rating without being overloaded. 

AN ADVANTAGE FOR THE DELTA 

In a delta connection, if one transformer is damaged it may 
be discontinued or removed for repair, and the system can still 
operate at 57.7% of capacity. But in a star connection, if one 
transformer is damaged or removed it isn't possible to operate 
the system. 

THIS ADVANTAGE FOR THE STAR 

A transformer for a delta connection must be designed for 
full line voltage, but a transformer in a star connection is 
designed to carry only 57.7% of full line voltage. So for very 
high voltages, transformers designed for star connections are 
less expensive to build because they require less insulation. 

AUTO TRANSFORMER 

Figure 174 shows a diagram of an auto-transformer. It 
has only one winding. Thus it is different from the trans- 
formers you have already studied. It also differs in another 
way — only a part of the power delivered from the source of 
supply to the secondary load is transformed into power. How- 
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ever, like the other static transformers, it is used to step-up or 
step-down voltage. 

In figure 174, the winding AC is connected across a voltage 
supply of 100 volts; B is the midpoint of winding AC, so the 
voltage BC is 50 volts. 

5 AMPS 



10 AMPS 



100 VOLTS 



50 VOLTS 



LOAD 
5A 



5 AMPS 10 AMPS 

Figure 1 74.— Auto-trtitfforiMr . 



The secondary load of five ohms is connected hetween lines 
BD and Cfl. Since the voltage across the load is 50 volts, the 
current is 10 amperes — 50 -5- 5 — 10 amp. 

The ratio of the secondary voltage to the primary voltage is 
£bc:£ac = 50:100 or 1:2. Therefore, the primary current 
must be five amperes — 7 p :io = 1 :2. 

Thus, when there are 10 amperes flowing in the load, there 
are five amperes flowing from the source through the primary 
lines and primary windings. Losses are negligible and are not 
considered, in order to simplify the explanation. 

The arrows indicate an instantaneous direction of currents. 
The five amperes supplied by the source at a voltage of 100 
volts flows through winding AB, undergoing a drop in potential 
of 50 volts, through the load DE, undergoing another drop in 
potential of 50 volts, and back to the source. (The resistance of 
the lines has been ignored.) 

Thus, 250 watts of power — 50 X 5 *= 250 — have been 
delivered to the load from the source by conductivity. 

But what becomes of the 250 watts across winding AB? It 
isn't wasted. The power represented by this current undergoing 
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a drop in potential from A to B is transferred to the magnetic 
field. The power transferred to the magnetic field appears in 
the winding BC, where a current of five amperes has raised 
50 volts in potential. This is transformer action and, actually, 
AB is the primary of the transformer and BC is the secondary. 
The load is connected across BC. And the 250 watts of trans- 
formed power is added to the 250 watts of conducted power. 
Thus a total power of 500 watts is supplied the secondary load 
at 50 volts and 10 amperes from a source of 100 volts and five 
amperes. 

The winding doesn't have to be tapped in the center. It may 
he tapped anywhere. As a matter of fact it may have several 
taps, thereby making several different voltages available. 

Figure 175 shows an auto-transformer with y± of the wind- 
ing tapped for the secondary. If 120 volts are applied to the 
vvinding, a secondary voltage of 90 volts is available. If a 
20 ampere load is connected across the secondary, 15 amperes 



will flow in the primary. Neglecting losses, there is an input 
of 1,800 watts to the primary — and 1,800 watts are consumed 
by the secondary load. 

The voltage drop across A B is 30 volts. Therefore, the power 
represented by the 15 amperes undergoing a drop in potential 
of 30 volts across AB is 450 watts — 30 X 15 = 450. This 450 



15 AMPS 




15 AMPS 



20 AMPS 



Figure 1 75. — Auto-tr* nif or mer. 



watts is transferred to winding BC by transformer action, and 
is delivered by BC to the load at 90 volts and five amperes. 

Thus, the transformed power delivered to the load is 450 
watts. Therefore, the conducted power must be 
1800 — 450=1350 watts. This 1,350 watts represents the 15 
amperes which flows directly from the source through the 
load at a drop in potential of 90 volts — 90X15=1,350 
watts. 

The auto transformer is sometimes called a compensator. 
It is used extensively in starters for a.c. induction motors. If 
used in a three-phase starter to start a three phase motor, three 
of the transformers are connected star — or two of the trans- 
formers may be used by connecting them in open delta. 

Because the secondary doesn't carry the full load current, 
it requires less copper. However, as the ratio increases, this 
saving in copper is reduced; thus, at near 1 :i ratio it requires 
about the same amount of copper as the regular transformers 
of the same capacity. 

The secondary is connected electrically as well as magneti- 
cally to the primary. Hence, there is always the possibility that 
the secondary may be subjected to the primary voltage. This 
makes the transformer dangerous when used to step-down 
high voltage to the common 1 10 volts. 

INSTRUMENT TRANSFORMERS 

Suppose you wish to measure the voltage on a 450 volt cir- 
cuit. Any voltmeter connected directly across the circuit must 
be insulated to withstand this voltage. It should be evident that 
this insulation would make the instrument bulky and inaccurate. 
Furthermore, there would be an element of danger to the oper- 
ator using an instrument directly across a 450 volt circuit. 

But suppose the primary of a 4:1 transformer is connected 
across the circuit. What is the secondary voltage of the trans- 
former? 

That's right, 112 volts. And it would be a simple matter to 
read this secondary voltage with an ordinary 150- volt voltmeter. 
That should suggest a method for measuring high a.c. voltage 
without connecting the voltmeter directly to the line and sub- 
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jecting the instrument to the high voltages— that's it, step- 
down the voltage, measure it with an ordinary voltmeter, and 
multiply the reading by the transformer ratio. 

Or, if the voltmeter is to be used continuously with the trans- 
former, have it calibrated to read the high voltage. 

POTENTIAL TRANSFORMERS 

Transformers designed and used for this purpose are called 

POTENTIAL TRANSFORMERS or VOLTAGE TRANSFORMERS. Their 

basic principles of design and operation are the same as for the 
ordinary static transformer. However, they are smaller and 
are designed for the highest possible efficiency. The power 
rating is generally between 40 and 100 watts. The smaller 
models are air cooled. 

Potential transformers are used also to step-down the volt- 
age for devices such as relays and static regulators which do 
not require a high current. 

Figure 176 shows a voltmeter connected through a potential 
transformer to a high voltage circuit. You should pay par- 
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Flour* 176.— Diagram of a potential frantformor. 
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ticular attention to the GROUND! Nc; of the secondary of the 
transformer and to the grounding of the voltmeter. This is 
done to protect the instrument and the operator, and is a 
precaution which should always bk observed. 

You will also notice that the primary connections to the line 
are fused. These fuses are intended primarily to protect the 
line. However, they do afford some protection to the trans- 
former itself. 



It is obvious that an ammeter built to measure several hun- 
dred or several thousand amperes which would pass through 
the instrument itself would be so bulkv that it would be 
inaccurate. On the other hand, if the circuit is delivering a 
small current at a high voltage, the wires of the coils will not 
be large and bulky, but must be insulated to withstand the high 
voltage of the circuit. So, again you find the current-carrying 
coil will become bulky because of the insulation. Therefore, it 
becomes very difficult to build an ammeter which will read 
accurately a High current, or a low current in a high voltage 
circuit. Fortunately, in a.c. circuits, these difficulties can be 
overcome by the use of current transformers. 



Figure 177. — Circuit for correcting a current treniformer to the lino. 

Current transformers are designed to step-down the current. 
The primary consists of a small number of turns, wound on a 
core and connected in series with the lines. Of course, the 



CURRENT TRANSFORMERS 
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coils of the primary must l>c largo enough to carry the line 
current. And when the primary has a very large current rat- 
ing it may consist of a straight conductor or bus bar pass- 
ing through the hollow of an iron core. Both types are shown 
in figure 177. 

The ratio of the secondary current to the line current is 
approximately the inverse ratio of the turns of the secondary 
winding to the turns of the primary windings. If the primary 
has two turns and the secondary 120 turns, the current ratio 
will he 60:1. So 300 amperes flowing in the line would cause 
only five amperes to flow in the secondary when it is short 
circuited. This ratio will vary slightly l>ecause of magnetizing 
current, and the error may he rather large for small currents. 

Practically all current transformers are designed so the sec- 
ondary has a rating of five amperes, regardless of primary 
rating. For example, a 1,000 ampere current transformer 
would have a ratio of 200 to 1, and a 100 ampere transformer 
would have a ratio of 20 to 1. 

The ammeters used with the transformer are constructed 
to carry five amperes and the reading is multiplied by the ratio 
of the transformer with which it is used. If the ammeter is to 
be used with only one transformer or with transformers which 
have the same ratio, it may be calibrated to read the line current. 

Unlike the ordinary transformer, the current in the primary 
of the current transformer is not determined by the secondary 
load. The primary current is determined entirely by the cur- 
rent in the line — that is the load on the system. And, if its 
secondary is open-circuited, a high voltage is caused to exist 
across the secondary terminals. 

When the secondary is open circuited, the counter ampere- 
turns no longer exist, and the flux in the core is no longer the 
difference between the primary flux field and the secondary 
flux field. Instead, the total flux field of the primary acts on 
the secondary winding and induces a very high voltage. This 
high voltage not only may puncture the secondary insulation, 
but it endangers the life of the operator. For that reason, the 
secondary of a current transformer should always be short 
circuited. Never remove the ammeter without first short-cir- 
cuit ine the secondary of the transformer. 
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Wattmeter and other a.c. instruments may be used with in* 
strument transformers. The voltage coil of the instrument 
is connected to the potential transformer and the current 
coil is connected to a current transformer. The transformers 
have polarity markings to aid you in connecting instruments to 
get the proper deflection. 

When installing instrument transformers, it is important that 
the manufacturer's instructions for installation be carefully 
followed. When connecting the instrument to the secondary 
of the transformer, be sure the polarity marks match. 

After instrument trans formers have been installed, they 
should need no care other than seeing that they are kept clean 
and dry, and that there are no high resistance contacts. 

BE CAREFUL 

Caution : Always consider current transformers as a part 
of the circuit to which they are connected. Touch only the 
secondary leads, and see that the transformer is properly 
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Figure I7S. — Potential transformer with a voltmatar using an 
•xtarnal rasistanca. 

grounded. Never open circuit the secondary of the cur- 
rent transformer while the primary circuit is energized. 

On the other hand, never short circuit the secondary 
of a potential transformer. The instrument may be dis- 
connected from the secondary at any time. 
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INSTRUMENT TRANSFORMER CIRCUITS 



Figures 178 through 180 show diagrams of the connections 
for instrument transformers used with different instruments 
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Figure 179. — Connections for single end three phese wettmeter. 

and the connections for the instruments. Though not shown on 
diagrams, you should pay particular attention to the ground 
connections for the transformer secondaries and for the instru- 
ment cases. Also, observe the polarity markings used. 
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Figure 178 shows an a.c. voltmeter connected for use with 
a potential transformer. The external resistance is used only 
when voltages are above 1 50 volts. 

Figure 179A shows a single phase wattmeter connected 
for use with instrument transformers. The potential coil of 
the wattmeter is connected to the potential transformer, and 
the current coil is energized from the secondary of the current 
transformer. 
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Figure 180. — Connection for a polyphase power factor meter. 
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FiQure 181. — Connections for a synchroscope and instrument transformer. 
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Figure 179B shows the connections for using a polyphase 
wattmeter with instrument transformers. You will notice 
that the potential transformers are connected open delta 
and the current transformers are connected in the outside 
lines only. The external resistance is used only for volt- 
ages above 150 volts. 

Figure 180 shows a diagram for the connection of a poly- 
phase power factor meter. The potential transformers are 
connected in open delta as for the polyphase wattmeter. But 
only one current transformer is used. 

Figure 181 shows the connections for a synchroscope used 
with potential transformers. Pay particular attention to the 
polarity marks. The impedor shown contains the resistance 
and the inductance which are used with the synchroscope. 
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CHAPTER 20 



A.C. MOTORS 

INDUCTION MOTOR 

Of all the a.c. motors, the INDITTION motor is the most 
widely used. Its design is simple and its construction rugged. 
Because it does not use a commutator, most of the troubles en- 
countered in the operation of d.c. machines are eliminated. No 
sparking, no high segments, no had brushes, no shorted seg- 
ments—these features appeal to all operators. 

The induction motor is particularly well adapted for con- 
stant speed jobs, and recent developments have made it pos- 
sible to adapt the motor to some variable speed jobs. How- 
ever, except for horsepower ratings less than one, the addi- 
tional parts for variable speeds are bulky, expensive, and gen- 
erally inefficient. 

The induction motor can be either a single-phase or a poly- 
phase machine. The operating principle is the same in either 
case, except -that single-phase machines require SPECIAL start- 
ing windings. Both make use of the rotating magnetic 
viut rx AMtwiinlA *^ ^produce torque. To understand the oper- 
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ating principle of the induction motor, you must know what is 
meant by rotating magnetic field. 



ROTATING MAGNETIC FIELD 

You can't see the rotating magnetic field, even if you are 
looking for it. There are no pulleys, gears, or field pieces fly- 
ing about. But you can see the effects of the field. For in- 
stance, if you held a compass in the field, the needle would 
spin so fast you could see nothing but a blur. This rotating 
magnetic field is solely the result of shifting the magnetic 

FIELD OF THE STATOR. 

The stator of an induction motor, like that of an alternator, 
has no projecting poles. It is drum wound, with the coils laid 
in slots in the stator core. The windings are connected just 




Figure 182. — A two phase, rotary field. 
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as in the stator of an alternator. In fact, the ordinary alter- 
nator winding serves very satisfactorily as a stator winding for 
an induction motor. 

Figure 1&2A is a cross sectional view of a two pole, two 
phase stator winding. Now suppose this winding is energized 
hy a two phase current. The current will vary as shown by the 
sine curves in figure 182B. As the current varies, so does 
the magnetic field produced by the current. 

At the instant marked 1 in figure 182Z?, the current is zero 
in phase Y and maximum in a positive direction in phase X. 
The resulting magnetic field appears in figure 182C. With the 
current flowing in the direction shown in figure 182Z?, a flux is 
established which is indicated by the arrows in figure 182C. 

At position 2, the current is in the same direction in phase 
X % but it has decreased in value. However, the current in 
phase Y has increased in the same direction and is equal to the 
current in phase X. The sum of the instantaneous values of 
the two currents is always equal to the maximum value of one 
phase. So, at instant 2, the same value of current is flowing 
as at instant 1. However, this current at 2 is the vectorial 
sum of two equal currents 90 0 apart. Therefore, the resultant 
current is 45 0 from the current at position 1. Thus the flux 
field is still equal to the flux field at position I, but it has 
shifted 45 0 in a clockwise direction to position 2. 

At instant 3, the current in phase X has decreased to zero 
and the current in phase V is maximum. The flux hasn't 
changed 111 value but it has shifted another 45 0 in a clockwise 
direction. At instant 4, the current in phase X has reversed 
and has the same value as the current which has decreased in 
phase Y. The resultant flux has shifted another 45 0 in a 
clockwise direction. 

At instant 5, the current in phase X is again maximum but in 
the opposite direction to its direction at instant 1. The cur- 
rent in phase Y is zero. And the resultant flux has shifted 
another 45 °. The resultant flux field is in a position 180 0 from 
its position at instant 1. In other words, the magnetic field 
has shifted half way around the stator. 

Only periods 45 0 apart have been considered, but you must 
remember the sum of the instantaneous values of the two 
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currents is the same for all instants, and that this vertical 
sum is a resultant current which shifts in phase relationship to 
the two currents as their relative values change. You can see 
that the shift of the magnetic field occurs smoothly and evenly 
as the values of the currents change. 

Diagrams 6, 7, and 8 indicate the shifting of the field flux for 
the last half of the cycle of the currents ; at 9 the flux is back to 
its original position. During the one cycle of current, 360 elec- 
trical degrees, a constant value flux field has made one complete 
revolution around the stator of a two pole machine. If the 
frequency is 60 cycles per second, the rotating magnetic field 
makes 60 rps. or 3,600 rpm, in the two pole machine. 



HOW TO FIND THE RPM 

If the machine had four poles, 720 electrical degrees, it would 
require two cycles of current — twice as long — for the field to 
make one complete rotation. Thus, the number of revolu- 
tions per second for the field is equal to the FREQUENCY divided 

P 2f 

by the number of pairs of poi.ES — f ~ = — . 

2 P 

There are 60 seconds in a minute, so — 

2f 120f 

RPM = 60 X — = 



S = 



P P 

I20f 



p 

where, S = RPM 

120f 

S = isn't a new formula. It is the same one you used 

P 

to determine the frequency of an alternator. In the alternator, 
the speed of the field and number of poles determgied the fre- 
quency of the current in the stator. In the motor, the fre- 
quency of the c urrent in the stator and the number of pokes 
determined the speed of the field. 

The speed of the rotating field is called synchronous speed. 
It should be obvious that if the frequency of the applied current 
is increased, the speed of the rotating field increases. Or if the 
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frequency is decreased, the speed of the field decreases. Fur- 
thermore, it should be apparent that if the number of pairs of 
poles is increased^ the speed decreases. To sum it up, the speed 
of the rotating field — synchronous speed — varies directly as the 
frequency of the applied voltage and inversely as the number 
of pairs of poles in the motor. 

Thus, on a 60 cycle line, a two pole motor would have a syn- 
chronous speed of — 

i2of 120X60 

S, = = = 3,600 rpm. 

P 2 

For a four pole machine — 

i2of 120X60 

S, = = = 1,800 rpm. 

P 2 

For a six pole machine — 

120 X 60 

S B = = 1,200 rpm. 

6 

For a 24 pole machine — 
120 X 60 
S, — = 300 rpm. 

Where — S B = Synchronous speed. 

If the two leads to one phase of a two-phase winding are re- 
versed, the relative polarities of the phase currents are reversed 
and the field will rotate in the opposite direction. 

If a three-phase current is applied to a three-phase winding, 
a rotating field is produced as in the two-phase job. And it can 
be reversed by changing any two of the three line leads. 

Now that you know how a rotating field is produced in the 
slator of a motor, the next thing is to find out how it pro- 
duces torque. Put the field to work. 



SQUIRREL CAGE ROTOR 

The stator windings for the different types of three-phase 
motors may be identical. In fact, they are often interchange- 
able. The motors differ in the construction of their rotors. 
Of the three principal types — synchronous, wound rotor, and 
squirrel cage — the squirrel cage is the most widely used. 
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Figure 183 shows two squirrel cage rotors. The basic prin- 
ciples of construction arc the same. Each is made of a lami- 
nated iron core mounted on a spider or frame work secured to 
the shaft. Bars of copper, aluminum, or some alloy which is a 




It 

Figure 183. — Squirrel cage rotors for i.e. induction motors. 



good conductor are laid in slots of the core. These bars are 
welded to end rings at each end of the rotor. That's all there 
is to it — no electrical connections to outside lines, no insulation, 
no phases, and no slip rings. 

Figure 183Z? shows a squirrel cage winding removed from 
the iron core. Somebody thought it resembled a squirrel cage, 
and that's where the motor got its name. 

HOW IT WORKS 

To get a start, look at figure 184. According to your hand 
rule for generators, if the magnetic field is moved in the direc- 
tion shown, a voltagre will be induced in the conductor. If the 
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ends of this conductor are shorted together, a current will flow 
in the direction marked. Now, you have a current-carrying 
conductor in a magnetic field. What is the result ? 

That's correct, motor action. Furthermore, by using your 
hand rule for motors, you find that the conductor moves in the 
same direction that the magnetic field is being moved. 

In figure 184, the magnetic field is moved by moving the mag- 
nets. The same result would be obtained if only the magnetic 
field moved, as it does in the stator of a three-phase motor. 

A SUMMARY 

As the rotating field in the stator of the motor travels around 
the stator it cuts across the copper bars in the rotor. Thus a 
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Figure 184. — Force on a conductor in a moving magnetic field. 

voltage is induced in these bars and, since they are short-cir- 
cuited, current flows in them. Again you have current-carrying 
conductors in a magnetic field. Result, motor action; and a 
torque is in the same direction as the rotating field, so the rotor 
of the motor begins to rotate in the same direction as the rotat- 
ing field. To reverse the rotor, reverse the field by reversing 
two stator leads. 
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SLIP 



As the rotor begins to turn, in the same direction as the ro- 
tating field, less relative motion exists between rotor and 
stator. The field doesn't pass the rotor bars as often as it did 
when the rotor was standing still, because the rotor is turning 
with the field. 

What happens if the rotor reaches the same speed as the 
rotating field ? Then there is no relative motion between the 
field and rotor. If the field doesn't pass the rotor, no flux 
lines cut the bars. No voltage is induced in the rotor bars, so 
no currents flow in them, and consequently no torque is de- 
veloped — the rotor begins to slow down. As it does, the bars 
are cut again by the rotating flux field and the torque is de- 
veloped which keeps the rotor going. 

However, you can see that it isn't possible for the rotor to 
attain the same speed as the rotating field. There must always 
be some difference between the speed of the rotor and the 
speed of the field in order to induce a voltage in the rotor 
bars. And it should be apparent that the greater the difference, 
the greater the induced voltage in the rotor. This difference 
between the rotor speed and the synchronous speed is called 

SLIP. 

Slip is expressed as a percentage of synchronous speed. 
Thus — 

S. - R m 

Slip = 

S. 

where — 

S 9 = Synchronous speed. 
R & = Rotor speed. 

For example, a three phase, four pole, squirrel cage motor 
operating on a 60 cycle line at 1,728 rpm woultf have a slip of 
4%. Here is how the problem is solved — 

i2of 120 X 60 
S B = = = 1,800 rpm. 

P 4 

S» - R K 1800 - 1728 

Slip = = = .04 or 4% 

S B 1800 
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A CONSTANT SPEED? 

Although induction motors are called constant speed motors, 
the speed is not absolutely constant. If the load on a motor is 
increased, the rotor current must increase in order to produce 
the additional torque required. In order for this additional 
current to flow through the rotor winding, the voltage must in- 
crease enough to offset the additional IR drop in the winding. 
To increase the inducted voltage, the slip must increase; the 
motor slows down as load is added. 

The resistance of the squirrel cage winding is low* so that the 
increase in IR drop caused by the additional current is small 
compared to the total voltage, and the increase in slippage 
is correspondingly small. Thus, because motor speed decreases 
only slightly as the load increases, it is said to have good speed 

REGULATION. 

Another fact should become obvious. If the resistance of the 
squirrel cage winding is increased, any increase in load will 
cause a greater decrease in speed than if the rotor had a lower 
resistance. That is, high resistance squirrel cage rotors will 
have less speed regulation — slow down more with load — than 
low resistance rotors. 

TORQUE 

The torque delivered by an a. c. motor depends upon the 
field strength and rotor current just as in the d. c. motor. How- 
ever, there is one additional factor which must be considered — 
the true power delivered by an a.c. circuit depends upon the 
power factor of the circuit. So, for an a. c. motor — 

T = Kt>I R Cos e R 

where, 

K = a constant for any given motor. 
$ — Flux 

In = Rotor current. 
Cos 0 R = Power factor of rotor circuit. 

For further explanation of this condition, consider the two 
diagrams shown in figure 185. Figure 185^ shows a cross 
section of an induction motor with a squirrel cage motor. The 
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magnetic field is rotating in a clockwise direction and the rotor 
is at a standstill. By applying the hand rule for generators, 
you will find that a voltage is being induced inward under the 
north pole and outward under the south pole. 

The flux in the air gap is not uniform, but varies as a sine 
curve. It is more dense near the center of the pole and de- 
creases toward the edges of the pole. Thus, the emf induced 
in the rotor bars varies as indicated by the size of the dots 
and crosses used to indicate the direction of the voltage. 

The bars are short circuited, so a current flows. At stand- 
still, the frequency of this rotor current is equal to the fre- 
quency of the stator current. The effective value of the rotor 
current /r is — 

E R 

In = VRiT + X R * 
Because the frequency of the rotor current is high at start- 
ing, the reactance of the rotor circuit is high as compared to 
the resistance. This causes the current to lap the voltage by a 
large angle. That means that maximum current flows in a con- 
ductor several degrees (angle 6) behind maximum voltage. 




Figures 185^ and 185J? show this condition. Figure i&$A 
shows the voltage induced in a rotor at a given instant, and the 
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positions of the poles at this instant. Figure 185$ shows the 
current at the same instant. You will note that the maximum 
current in a conductor is several degrees behind the maximum 
voltage. The current is lagging 6 degrees behind the voltage. 

The figure also shows field flux and rotor current relation. 
In figure 185Z? the rotor conductors within angle A produce 
a torque tending to turn the rotor in a clockwise direction, 
while the conductors within angle B produce a torque which 
tends to turn the rotor in a counterclockwise direction. It is 
apparent that the conductors within angle A produce the 
greater torque and the rotor turns in a clockwise direction, 
the same direction as the rotating field. 

You can see that if the angle between the current and volt- 
age is reduced, the total torque will be increased ; or if the 
angle is increased, the torque will be decreased. Thus, the 
torque developed by the motor depends upon the field flux, 
rotor current, and phase relation of the two. Mathematically — 

T = K*I H Cos 0 n 

THE STARTING CURRENT IS HIGH 

The high reactance of the rotor circuit at the time of start- 
ing gives the rotor current a low power factor. In fact, it is 
so low in an ordinary squirrel cage motor that to produce 1 50% 
of full load torque at starting requires four to nine times the 
full load current. That is, if the full load current of a cer- 
tain squirrel cage motor is 60 amperes, the starting current will 
be between 240 and 540 amperes. 

The motor acts like a transformer in which the stator wind- 
ing is the primary and the rotor winding is the secondary. 
Hence, as the rotor current goes up the stator current increases. 
And a rotor current four to nine times the full load current 
means the current drawn from the line at starting is four to 
nine times the full load line current. 

You don't need much imagination to visualize what would 
happen to a line if several large induction motors were thrown 
it at the same time, without some method for cutting down the 
excessive starting current. Starters for these motors will be 
discussed later. 
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Once the motor is started, the current begins to decrease. 
As the speed of the rotor increases, the frequency of the rotor 
current decreases — the rotating field sweeps across the rotor 
conductors less frequently. As the frequency of the current 
decreases, reactance decreases — X\j = 2 ir f L — and the power 
factor increases. As the power factor increases, it takes less 
current to produce the same power. The maximum power fac- 
tor is obtained at full speed. This power factor runs around 
70% for small motors but may go as high as 90^ f° r ver > f 
large motors. 

HOW THE STARTING CURRENT CAN BE REDUCED 

The starting current of the squirrel cage motor can l>e re- 
duced by using a higher resistance rotor. That is, use smaller 
bars and increase the resistance of the end rings. 

Suppose that X R and 7? R in figure 186A represents the re- 
sistance and reactance of the rotor of a squirrel cage motor at 
standstill. Then angle 0 R represents the phase angle between 
the rotor current and rotor voltage. If the resistance is in- 




A B 

Figur* 1 86. — EflF^cf of high rotor current on powor factor angU. 

creased to the value shown in figure 186Z? the reactance re- 
mains the same, and the phase angle 0 R is decreased. Thus, 
the power factor is increased and the starting current is 
reduced. 
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The maximum starting torque is obtained when X R and R H 
are equal at starting. Then the starting current is about three 
and one-half to four times the full load current. 

However, remember that increased rotor resistance results in 
increased slip — lower motor speed — and greater speed varia- 
tions with load changes. Thus, by varying the resistance of 
the rotor circuit, manufacturers obtain different starting and 
operating characteristics for induction motors. 

In general the operating characteristics of squirrel cage mo- 
tors may be compared to the operating characteristics of d.c. 
shunt motors. 



The undesirable features of a high resistance squirrel cage 
rotor may be eliminated by using a wound rotor. With the 
wound rotor, high resistance may be used for starting, and 
then cut out as the motor comes up to speed. 



Figure 187 shows the rotor of a wound rotor motor. In- 
stead of using short-circuited bars, the rotor is wound with a 
three phase drum winding. The windings are connected star 
or delta and the three leads are brought out to three slip rings 
placed on the shaft. Brushes riding on these slip rings are 



WOUND ROTOR MOTORS 




Figure 187. — Wound rotor for an induction motor. 
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SECONDARY 
RESISTANCE 



Figure lit. — Connections for a wound rotor motor. 

connected to an external resistance through which the rotor 
circuit is completed. The stator winding is the same as for a 
squirrel cage motor. 

Figure 1 88 is a schematic drawing of the rotor circuit and 
the external resistance of a wound rotor motor. By varying 
the external resistance, the resistance of the rotor circuit is 
varied. At starting, the resistance is inserted in the circuit to 
obtain maximum starting torque. As the motor comes up to 
speed the resistance is cut out until the running characteristics 
of the motor are about the same as the standard squirrel cage 
motor. 

The wound rotor motor has the following advantages over 
the squirrel cage motor — 

High starting torque with low starting current. 
No abnormal heating during starting. 
Good running characteristics. 
Adjustable speed. 
Oji the other hand, its initial and maintaining cost is higher, 
and the external resistance is bulky. 

DOUBLE SQUIRREL CAGE MOTOR 

Another type of squirrel cage motor which has good operat- 
ing characteristics is the double squirrel cage. The rotor has 
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two squirrel cage windings placed as shown in figure 189. The 
bars of the inner winding have a low resistance and are sur- 
rounded by iron on all sides except the side next to the outer 
winding. Thus, it has a low resistance and high inductance. 

The bars of the outer winding have a high resistance and are 
surrounded by iron on only two sides. Thus, the outer winding 
has a high resistance and low inductance as compared to the 
inner winding. 



As the rotating field sweeps past, an emf is induced in each 
winding. But at starting, the rotor frequency is the same as 
the line. This high rotor frequency causes the reactance of the 
inner winding, which has high inductance, to be much higher 
than the reactance of the outer winding. The reactance is the 
greater part of the impedance of each winding. So, the im- 
pedance of the inner winding is higher than the impedance of 
the outer winding at starting. Naturally, more current flows 
in the high resistance outer winding at a high power factor. 
This gives the motor a good starting torque. 

As the speed of the rotor increases, the frequency of the 
rotor currents decreases. The reactances of the windings go 
down. The impedance of each winding becomes more nearly 
the resistance of the winding. Finally, near synchronous speed, 
the resistances of the windings determine their relative im- 
pedance; the impedance of the low resistance winding is less 
than the impedance of the high resistance winding. As a result, 
the low resistance winding carries practically all the rotor cur- 
rent, and the motor runs as a standard squirrel cage motor. 




LOW RESISTANCE 
SQUI RRELCAGE 



HIGH RESISTANCE 
SQUIRREL 
CAGE 



-STATOR 
WINDING 



Rgur* 189. — DoubU iquirrtl cag# rotor. 
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ADJUSTING SPEED 



The speed of the wound rotor motor may be varied over 
a small range, but the speed of the standard squirrel cage 
motor is inherently constant. The speed of a squirrel cage 
motor varies directly with the frequency of the applied voltage 
and inversely as the number of pairs of poles. Generally it 
isn't practical to change frequencies. If motors are operated 
at lower frequencies than the one for which they are de- 
signed, they overheat and become inefficient. 

However, motors are designed with one or two stator wind- 
ings whose number of poles can be changed by changing ex- 
ternal connections of the windings. For example, a motor may 
be designed with a winding which may be connected for four 
or eight poles. On a 60 cycle line, the four pole connection 
would give a synchronous speed of 1,800 rpm, and the eight 
pole connection would give a synchronous speed of 900 rpm. 
The motor might have two special windings, each good for two 
speeds. If one winding is designed for four or eight poles and 
the other winding for six or twelve poles, the synchronous 
speeds obtainable would be 1,800, 1,200, goo, and 600 rpm. 

SYNCHRONOUS MOTOR 

You will recall that a (I.e. generator can be operated as a 
d.c. motor. Just so, an a.c. generator can also be operated as 
an a.c. motor. When so used, its rotor runs at synchronous 
speed and it is called a synchronous motor. 

The stator of a synchronous motor is the same as the stator 
of squirrel cage motor — it is not an induction motor. The 
motor has a wound rotor and is excited by a d.c. current, thus 
setting up magnetic poles of fixed polarity. These poles lock 
in step with the poles of the rotating field, and the rotor is 
pulled around by the rotating field. Naturally, the two fields, 
being locked together, cause the rotor to travel at the same 
speed as the rotating field ; hence, the name synchronous motor. 

Synchronous motors are generally of the salient pole type 
shown in figure 190 A. Figure 190B shows the polyphase stator 
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Pigurt 190. — Rotor and stator of a synchronous motor. 



for the motor. When polyphase voltages are applied to the 
stator a rotating field is produced. When d.c. current is applied 
through the slip rings to the rotor windings, a fixed polarity is 
produced at each pole. 

Suppose that the stator and rotor are energized at the same 
time. Figure 191 illustrates what would happen. Figure 191. 4 
shows the poles of the stator approaching rotor poles of oppo- 
site polarity. According to the laws of magnetism, the stator 
poles attract the unlike poles of the rotor. This attraction 
tends to rotate the rotor in a direction opposite to that of the 
rotating field. 

But just as the rotor is ready to start, the stator poles have 
passed and are on the other side attracting the rotor poles in 
the opposite direction, as shown in figure 191Z?. The same 
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Figure 191. — Starting condition in a synchronous motor. 
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things happen when the stator poles pass rotor poles of the 
same polarity. The rotor poles are repelled in first one direc- 
tion, then the other. The average torque is zero. Thus a 
synchronous motor in its pure form has no starting torque. 

If the motor is a four pole job on a 60 cycle line, the syn- 
chronous speed of the field is 1,800 rpm as soon as the field is 
excited; but the rotor just won't go from a standstill to 1,800 
rpm in "nothing flat". What will happen is that the windings 
will be yanked out of their slots and the whole motor wrecked. 
However, if the rotor is brought up to a speed equal or ap- 
proximately equal to the speed of the rotating field, it will lock 
in step with the rotating field and be pulled around by it, at 
synchronous speed. 

STARTING SYNCHRONOUS MOTORS 

Generally, synchronous motors are started as squirrel cage 
motors. A squirrel cage winding is placed upon the rotor as 
shown in figure 192. To start the motoi;, the d.c. field on the 
rotor is de-energized and the stator is energized. Thus, the 
motor starts as a squirrel cage induction motor. When the 
motor comes up to speed — slightly less than synchronous speed 
— the d.c. field on the rotor is excited. The rotor locks in step 
with the rotating field, and is pulled around at synchronous 
speed. 




A B 

Figure 192. — Effect of magnetic coupling. 



SYNCHRONOUS CONDENSERS 

A synchronous motor may be used to improve the power 
factor of an a.c. line. When so used it is called a synchronous 

CONDENSER. 
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By changing the excitation of the d.c. field of the synchro- 
nous motor, its power factor may be varied from a low lag- 
ging POWER FACTOR to a LOW LEADING POWER FACTOR. If the 

d.c. field is under-excited, the motor has a lagging power factor. 
If it is over-excited, it produces a leading power factor. Thus, 
the power factor characteristics of the synchronous motor are 
under the control of the operator at all times. 

When used as a synchronous condenser, the motor is con- 
nected on the line in parallel with the other motors on the 
line, and run without load or with a very light load. The field 
of the synchronous motor is over-excited just enough to pro- 
duce enough leading current to offset the lagging current of 
the line and produce unity power factor. 

The synchronous motor can be made to produce up to 80 
percent leading power factor. But of course leading power 
factor on the line is just as bad as a lagging power factor, so 
the synchronous motor is regulated to produce just enough 
leading current to offset the lagging current. 

DON7 FORGET THE SWITCH 

Regardless of how the synchronous motor is used, don't for- 
get the field discharge switch. It is just as important as it 
is on the generator. When the stator is energized while the 
rotor is at standstill, the rotating field sweeps past the d.c. 
winding at a rapid rate. There are many turns in the d.c. 
windings and a very high voltage is induced in them. Unless 
there is a field discharge switch, the insulation will be punc- 
tured. 

SINGLE PHASE MOTORS 

If one lead to a three-phase induction motor is disconnected 
while the motor is running, it will continue to run on one 
phase. However, it will overheat if rated load is still carried. 
If the motor is stopped, it will not start again with the one lead 
disconnected. And thereby hangs a tale. Single phase induc- 
tion motors will run when once started, but they won't start 
themselves. 
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When the single-phase winding is excited with a single-phase 
current, a pulsating field is produced in the stator. The mag- 
netic field changes in all the poles at exactly the same time and 
same rate, so no rotating field is produced. A voltage is in- 
duced in the squirrel cage rotor — transformer action — but no 
torque is produced. The motor is merely acting as a trans- 
former — the stator is the primary and the rotor is the sec- 
ondary. The current flowing in the rotor conductors, due to 
transformer action, produces a flux which opposes the flux in 
the stator just as the ampere-turns of the secondary of a static 
transformer oppose the primary ampere-turns. 

The condition which exists is shown diagrammatically in fig- 
ure 1 93^4 . Suppose you take an instant when an increasing 
current is flowing from L x to L 2 . An expanding flux is estab- 
lished which induces an emf in the rotor bars, causing current 
to flow as indicated. This rotor current will set up poles at 
N T and S T in direct line with the stator poles A r p and S n . 
Thus no torque is developed because of the relative position of 




L 2 L, L z L, 
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Figure 193. — Rotor currents in « singU ph*s# motor *t standstill and 

when rotating. 



the stator and rotor jx)les. Other instants during the cycle of 
current will produce the same result, so no torque is produced 
by the single phase motor and it is not self -star ting. 

Suppose the rotor is turned by some means in a clockwise 
direction. The rotor conductor will cut across the flux estab- 
lished by the stator winding. As a result, an emf will be 
induced in the rotor conductor. This speed emf, as it is called, 
will cause a current to flow as indicated in figure I93#. The 
field set up by this current is at right angles to the main field. 



304 



Because of the high reactance of the rotor circuit, this cur- 
rent will lag the speed emf by approximately 90 0 . So the field 
developed by the speed current is at right angles to the main 
field and differs in time phase by approximately 90 0 . Thus a 
rotating field is established and the motor continues to run, 
once it is started. 

Since single phase motors aren't self -starting, some auxiliary 
means must be used to start them. Of course, you could start 
the very small ones by hand. However, this doesn't solve the 
problem of starting the larger motors and it is rather an in- 
convenient method of starting the small ones. So, some other 
method is desirable. 

One method is to split the phase by combinations of in- 
ductance, CAPACITANCE, and RESISTANCE. 

SPLIT PHASE MOTOR 

Figure 194 shows a common method of splitting the phase. 
Two windings — a main winding and a starter winding — are 
placed in the stator as shown in figure 195. The main winding 
is wound on the stator and the starting winding is wound on 
top of it in such a manner that the centers of the poles of the 
two windings are displaced by 90 0 . 

The windings are shown schematically in figure 194. They 
are connected in parallel to the same supply voltage; therefore 



.RUNNING WINDING 




Figure 194. — Connections for a split phase motor. 



the same voltage is applied to both windings. But — and here's 
the secret to the operation of the split phase motor — the cur- 
rents in the two windings aren't in phase. 
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The main winding has a low resistance and, being sur- 
rounded by iron on all sides except one, it also has a high 
inductance. On the other hand, the starting winding is 
wound with smaller wire and has a high resistance. Also, 
it has iron on only two sides, and consequently has less in- 
ductance than the main winding. Therefore, when the same 
voltage is applied to both windings, the current in the main 
winding is going to lag the voltage more than does the current 
in the starting winding. 

Now suppose the current in the main winding lags the voltage 
by 50 0 and the current in the starting winding lags the voltage 
by 30 0 . The magnetic fields set up by the currents are 90 0 
apart, since the windings are displaced 90 0 — and the two wind- 
ings have a current phase difference of 20 0 . This produces a 
weak rotating field which starts the motor. You can readily 
see that this field isn't going to be as strong as the rotating 
field produced by a regular two-phase current in which the 
phase difference is 90 0 ; but it will start the motor. A Model-T 
won't produce as much power as a Lincoln, but if you have a 
Model-T and don't have a Lincoln, you'll manage to get around 
in the Model-T. 

When the motor comes up to speed, a centrifugal device A 
(figure 195) opens a switch B in figure 195 and disconnects 
the starting winding from the line. 



STARTING RUNNING OR 

WiNO'NO .MAIN WiNDiNG 




Figure 195. — Exploded view of a split phase motor. 

The starting winding has a high resistance, and the PR loss 
is high. So, if the centrifugal device should fail to open the 
switch, the motor will run hot; and if it is allowed to run very 
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long with the starting winding in the circuit, the winding will 
be- burned out. This is probably the most frequent cause for 
failure of split-phase motors. 

The squirrel-cage rotor shown in figure 195 is typical of the 
type used in single-phase induction motors. The rotor winding 
is cast in one piece. 

CAPACITOR MOTOR 

Figure 196 A shows a diagram of a single-phase induction 
motor in which capacitance rather than resistance is used to 
split the phase. A capacitor placed in the starting winding 




Figure 196. — Capacitor start motor. 

circuit causes the current to lead the voltage in the starting 
winding circuit. By using the proper capacitor, the currents 
in the two windings — starting and running — can be made to 
differ in phase by approximately 90 0 . Then, you have a motor 
with approximately the same starting torque as a regular two- 
phase machine. 

Figure 196 B shows the vector diagram for the currents in 
the two windings of a capacitor motor. In phase A r — the run- 
ning winding — the current I x lags the voltage by approximately 
45 0 . The current 7 y in phase Y — starting winding — leads the 
voltage by approximately 45 0 . Thus, the two currents differ 
in phase by approximately 90 0 . 

The two windings are displaced by 90 0 , as shown in figure 
195. With the 90 0 phase difference of the two currents, the 
starting torque produced is equivalent to the starting torque of 
a two-phase motor. Furthermore, the resultant line current is 
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almost in phase with the line voltage which gives the motor an 
exceptionally high power factor — almost unity. 

Where a starting winding is used only to start the motor, it 
is disconnected from the current by a centrifugal device when 
the motor gets up to speed. This motor is called a capacitor- 
start, induction-run motor. However, recent improvements 
of capacitors, and reduction in their cost, have made it prac- 
tical to build motors in which the starting winding in series 
with a capacitor is left across the line. Thus a motor operates 
from a single-phase line with the characteristics of a two-phase 
motor. 

A condenser which is large enough to supply the current for 
a high starting torque is too large for the normal load while 
running. So, two condensers are used for starting and one is 
cut out when the motor reaches normal speed. 

Figure 197 A shows how the two capacitors are connected in 
parallel to take care of the high starting current — both are in 



series with the starting winding. When the motor comes up to 
speed, a centrifugal device cuts the larger capacitor out of the 
circuit, and the motor continues to operate with the small con- 
densers in the starting circuit. 




AUTOTRANS FORMER 



Figure 1 97. — Connections for single phase motors. 
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Another scheme which permits the starting circuit to draw a 
large leading current with a comparatively small condenser in 
the circuit is shown in figure 197B. 

When the motor starts, switch S connects phase Y to point 
on A on the autotrans former. This puts a high voltage — gen- 
erally about 600 volts — across the condenser. It can stand this 
high voltage for the short starting period, but not continuously. 

During the starting period, the high transformer ratio pro- 
vides a very high current — about 20 times as high as would 
flow if the condenser were connected directly in phase Y — to 
flow in phase Y. This gives the motor a high starting torque. 

When the motor reaches operating speed, the centrifugal 
device connects phase Y to point B on the transformer. This 
cuts the transformer ratio to about 1 :2, and 'the current is 
about twice what would flow if the condenser were connected 
directly in phase Y. The motor has very good starting and 
running torque. 

To reverse any of the above split phase motors, reverse 

FITHER the STARTING WINDING Or RUNNING WINDING leads. 

SHADED POLE MOTOR 

Figure 198 is a partial diagram of a shaded pole motor. 
Its stator winding differs from the other single phase motors 




Figure 198. — Shaded pole motor. 



in that it has definitely projecting field poles. They resemble 
the poles of a d.c. motor, except that the magnetic circuit is 

LAMINATED. 
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A low resistance, short circuited coil or copper band is placed 
across one tip of each small pole. And from that, the motor 
gets its name — shaded pole. The rotor of this motor is the 
squirrel cage type. 

As the current increases in the stator winding, the flux in- 
creases. A portion of this flux cuts the low resistance shading 
coil. This induces a current in the copper coil, and, by Lenz's 
Law, the current sets up a flux which opposes the flux inducing 
the current. Hence, most of the flux passes through the un- 
shaded portion of the poles, as shown in figure 198. 

When the current in the winding and the main flux reaches 
a maximum, the rate of change is zero, so no emf is induced 
in the shading coil. A little later, the shading coil current, 
which lags the induced emf, reaches zero — and there is no op- 
posing flux. So the main field flux passes through the shaded 
portion of the field pole. 

The main field flux, which is now decreasing, induces a cur- 
rent in the shading coil. By Lenz's Law, this current sets up a 
flux which opposes the decrease of the main field flux in the 
shaded portion of the pole. As a result, the flux in the shaded 
part of the pole reaches its minimum value after the main field 
liux reaches its minimum value in the unshaded part of the 
pole. 

Thus, the shading coil in effect retards, in time phase, the 
portion of the flux which passes through the shaded part of 
the pole. This lag in time phase of the flux in the shaded tip 
causes the flux to produce the effect of sweeping across the 
face of the pole, from left to right in the direction of the 
shaded tip. This behaves like a very weak rotating magnetic 
field and sufficient torque is produced to start a small motor. 

The starting torque of the shaded pole motor is exceedingly 
weak, and the power factor is low. Consequently, it is built in 
small sizes suitable for driving small devices, such as small 
fans and relays. 

REPULSION MOTORS 

Single-phase motors may be repulsion starting. In this case, 
the rotor has a drum wound armature, a commutator, and 
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Figurt 199.— -Flow of curront in * repulsion motor. 



brushes. However, the brushes are not connected to the sup- 
ply line. Instead, they are short circuited. 

The principle involved in repulsion starting is illustrated by 
the diagrams in figure 199. The current through the stator 
winding is alternating. However, its direction during a half 
cycle may be indicated as shown by the arrows. 

Suppose, in diagram I99<4, the current in the stator winding 
is increasing in the direction shown. The flux produced will 
induce voltage in the armature conductors as shown — prove it 
by hand rule. These voltages are in the same direction in all 
the conductors on each side of the brushes. 

From the diagram 199^, you can see these add together to 
send a high current through the short-circuiting brushes and the 
windings. But half of the conductors under each pole are carry- 
ing current in one direction and the other half are carrying 
current in the opposite direction. Consequently, no torque is 
• developed when the brushes are in this position — parallel 

WITH THE MAIN FIELD. 
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If the brushes are shifted 90 0 to the position shown in 
diagram 199Z?, the induced voltages of each path neutralize 
each other — on each side of the brushes, half the voltages are 
in one direction and the other half are in the opposite direction. 
No voltage exists at the brushes and no current flows. Of 
course no torque is developed. 

If the brushes are shifted 45 0 as shown in figure 199C, volt- 
ages are induced. The directions of the voltages are the same 
as in the other brush position. But you will notice that most 
of the conductors on each side of the brushes have voltages in 
the same direction. As a result, current will flow in the 
conductors as shown in 199Z?. Now all the conductors under 
one pole are carrying current in one direction and all the con- 
ductors under the other pole are carrying current in the opposite 
direction — just like a d.c. motor. A torque is developed and 
the motor runs. 

To reverse the motor, shift the brushes back to the neutral 
plane — parallel with main field — and then shift them in the 
opposite direction. 

By varying the distance the brushes are shifted from the 
neutral plane, the torque of the motor is varied, and conse- 
quently speed is varied at a given load. Maximum torque and 
maximum speed are obtained when the brushes are shifted 15 
to 20 degrees from the neutral plane. 



SPRING BRUSH SHORT CIRCUITING RING 




COMMUTATOR CENTRIFUGAL DEVICE J 

Figure 200. — Rotor of a repulsion motor. 
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The armature used with this motor may have a radial type 
commutator as shown in figure 200, or it may have the conven- 
tional cylindrical type of the d.c. machine. The brushes are 
mounted on a rocker ring which rotates to shift the position of 
the brushes. 

The motor may be the repulsion-start — induction-run 
type. If so, when the motor reaches a predetermined speed, the 
commutator bars are short-circuited and the motor operates as 
an induction motor. At the same time, the brushes may be 
lifted from the commutator. 

When the motor reaches the predetermined speed, a centrif- 
ugal device (figure 200) exerts a pressure on some rods. These 
rods in turn lift a short-circuiting device, called a necklace, 
into contact with the inner surface of the commutator and at 
the same time lift the brushes from the face of the commu- 
tator. The necklace short circuits the commutator, and the 
motor runs as an induction motor. 

These motors have a high starting torque at low starting 
current. 

Another type is the repulsion-induction motor. This 
motor has the regular armature winding, commutator, and 
short-circuiting brushes, and in addition it has a squirrel cage 
winding. The repulsion winding gives it a high starting torque 
and the squirrel cage winding gives the motor the constant 
speed characteristics of the regular squirrel cage motor. 

All the repulsion type motors are reversed by shifting the 
brushes. 

SERIES MOTOR 

If the armature and field currents in a d.c. motor are re- 
versed at the same time, the direction of rotation isn't changed. 
Therefore, if such a motor is supplied with alternating current, 
the net torque will be in one direction. So fundamentally, the 
series motor could operate on either d.c. or a.c. However, 
the ordinary d.c. series motor does not operate satisfactorily 
on a.c. 

For one thing, the alternating current sets up large eddy 
currents in the solid parts of the field structure, such as the 
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yoke and core. These eddy currents cause excessive heating 
and lower the efficiency. This difficulty is reduced to a point 
where satisfactory operation is obtained by laminating the 
field structure. However, there are still iron losses with a.c. 
which do not occur with d.c. 

Another reason why the ordinary d.c. series motor doesn't 
operate satisfactorily on a.c. is the high reactance of the field. 
This reduces the power factor and the output of the motor to 
such low values that its use on a.c. is impractical. To reduce 
this field reactance, the numbfr of turns in the field winding is 
reduced. And on a fractional horsepower a.c. series motor, 
this method cuts the reactance down to a point where satisfac- 
tory operation may be obtained on a 60 cycle line. But for large 
motors, 60 cycles is much too high, so lower frequencies — 15 
and 25 — are used. These lower frequencies require larger and 
heavier transformers. Furthermore, low frequencies aren't al- 
ways available. So most of the a.c. motors are fractional horse- 
power sizes. 

When the number of turns in the field winding is reduced, 
the ampere-turns are reduced. To obtain maximum efTect from 
the reduced value of flux, the reluctance of the magnetic cir- 
cuit must be reduced to a minimum and the air gap must be 
very short. To reduce the reluctance of the magnetic circuit, 
high permeability iron is used at low flux densities. 

Too offset the loss in flux caused by decreasing the ampere- 
turns of the field, the number of armature conductors is in- 
creased. Thus the a.c. series motor armature is larger than 
the armature of the ordinary d.c. series motor. 

The stronger armature flux and weaker field flux result in 
more armature reaction. To offset this increased armature re- 
action, a compensation winding is usually imbedded in the face 
of the pole pieces. It may be connected in series with the arma- 
ture, or it may be a short-circuited winding. In the latter case, 
the winding is an inductive winding — it is the secondary of a 
transformer of which the primary is the armature of the motor. 
By the compensating winding, either type, the armature reaction 
is reduced to a small value. 

An additional commutating difficulty is encountered when a 
series motor is operated on a.c. When the brushes are placed 



314 



in the neutral plane, they short-circuit coils which are perpen- 
dicular to the main field. Thus the coils become the short-cir- 
cuited secondary of a transformer with the main field poles 
the primary. The impedance of the short-circuited coil is low, 
so a very high current will flow in the coil. And from what 
you remember about d.c. commutation, you know sparks are 
going to fly. 

This difficulty is overcome by connecting the coils to the com- 
mutator segments through resistances as shown in figure 201. 

























RESISTANCE ^ 



Figure 201. — Armature coils connected through resistances to segment. 

You will notice that when the coils are short-circuited by the 
brushes, two resistors are in series with the coils. The im- 
pedance is increased enough to limit the short-circuit current to 
a low value. However, you will notice that the resistors are in 
parallel with regard to the line current. Two equal resistors 
in parallel have half the resistance of one of the resistors. And 
th* two resistors in series have twice the resistance of one. 



315 



Thus, the resistance to the short-circuit current is four times as 
great as the resistance to the line current. 

In order to improve commutation still further, the voltage be- 
tween commutator bars is kept down by connecting only a single 
turn between the bars. Hence, a large number of segments and 
a large commutator are necessary. 

UNIVERSAL MOTORS 

The a.c. series motor has the same general characteristics as 
the ordinary d.c. series motor. By a careful compromise of 
design features, a series motor may be built to operate on both 
a.c. and d.c. circuits of the same voltage. Such motors are 
almost always in small sizes and are called universal motors. 
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CHAPTER 21 



A.C. CONTROLLERS 

WHY ARE THEY NECESSARY? 

When an induction motor starts up, there is a high inrush 
current — the larger the motor, the higher the current. This 
high starting current • won't damage the motor, but it may 
cause considerable disturbance on the line. In some installa- 
tions, the high starting torque may cause damage to the driven 
machinery, but that isn't generally true. 

So, which induction motors must have a controller? The 
answer is — only the larger motors. Small induction motors — 
up to seven horsepower — are generally started by simply closing 
a switch directly across the line. 

But large induction motors are not started in the same way. 
To protect the line from damage, the high, inrush current dur- 
ing the starting period is cut down by reducing the applied 
voltage. When the voltage applied to the windings of the 
motor is reduced, the current is reduced also. Since the torque 
of an induction motor decreases as the square of the decrease 
in the applied voltage, reduced voltage starting isn't used 
unless it is necessary to protect the lines. 
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WAYS OF REDUCING APPLIED VOLTAGE WHILE STARTING 

Primary resistance starters accomplish voltage reduction 
across the stator windings by inserting resistance in the 
stator circuit at starting and cutting them out as the motor 
comes up to speed. 

Another method of reducing the starting voltage is to use 
auto transformers. The primaries of the auto transformers 
are connected to the supply line, and the motor is connected to 
low voltage taps on the transformer until the motor comes up to 
a predetermined speed. Then the auto transformers are dis- 
connected from the motor and the line, and the motor is con- 
nected directly to the line. 

The resistance method has the advantage of smooth ac- 
celeration, and it is cut out without ever disconnecting the 
motor from the line. With auto transformers the motor is 
momentarily disconnected from the line, and the line current 
is approximately half of the motor current. However, with 
the resistance starter, the line current is equal to the coil 
current of the motor. Since the purpose of the starter is to 
protect the line from excessive starting currents, the auto trans- 
former starter is generally used. 

CONTROLLERS 

The controllers, whether across-the-line or voltage reducing 
starters, may be manually operated or magnetically controlled. 
All of them have overload protection devices, and most of them 
give low voltage protection or low voltage release protection. 
Many controllers are designed to withstand high shock and are 
equipped with manual latches or automatic latching relays to 
prevent false operation. They are enclosed in a drip proof or 
watertight case. 

Some typical a.c. controllers and their wiring diagrams are 
shown in this chapter. A thorough knowledge of their cir- 
cuits and operating characteristics will help you to understand 
the a.c. controllers used by the Navy. The main thing to re- 
member when installing, operating, or repairing controllers is 
to follow the diagrams and instructions provided by the manu- 
facturer. 
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ACROSS-TH E-LI N E STARTER 



Figure 202 shows a typical manual across-the-line starter. 
The line leads are connected to terminals L lf L 2f and L 8 , and the 
motor leads are connected to terminals T\ 9 T 2 , and 7Y When 




Figure 202. — Manually operated acros$-line starter. 

the start button is depressed, a toggle mechanism operates the 
contact block, closing the main contacts. This completes the 
circuit from L\ 9 L 29 and L 3 to T u T 2 , and T 9 respectively, and 
the motor is directly across the line. When the stop button 
is depressed, the toggle mechanism opens the main contacts. 

There are two thermal type overload relays which protect 
the motor against overloads. The relays are set to operate after 
the overload has existed for a predetermined time. The time 
is in inverse proportion to the degree of overload. Of course 
the relays open when the motor is stopped. In this particular 
starter, the relays are reset when the start button is depressed 
again. Emergency run is obtained by holding down the starter 
button. 

Figure 203A is a simplified diagram of the wiring and con- 
fwHrmc fnr with a three phase motor, and figure 20%B 
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shows the connections for a single phase motor. Notice that 
only one overload relay is necessary when the starter is use<i 
with a single phase motor. 




SOLENOID 



FiQura 204. — Manual, across-tha-lma startar with low voltaqa protection. 
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Figure 204 shows the same starter that is shown in figure 
202, except that a low voltage protection solenoid has been 
added. The solenoid is mounted below the starter mechanism. 
It is energized when the start button is depressed, and it 
operates to hold the main contacts closed after they have been 
closed by manually depressing the start button. If the voltage 
fails or falls below a predetermined value, the solenoid releases 
the toggle mechanism and the main contacts open. 

Figure 204 shows the wiring diagram for this manually oper- 
ated across-the-line starter with low voltage protection. The 
contact which completes the circuit through the solenoid is 
mechanically interlocked to the toggle mechanism which oper- 
ates the main contacts. 

An elementary wiring diagram for a manual across-the-line 
starter for a two-speed, two- winding motor is shown in figure 
205. The motor is started on the high speed winding by de- 
pressing the fast button which connects the motor directly 
across the line. Or it may be started on the low speed winding 
by depressing the slow button, which connects the slow speed 
winding directly across the line. The mechanical interlock, 
shown at A in figure 205A, prevents both windings being 
energized at the same time. 




CI - — — A — — A ho-lin« startor for two-toood two-wind ina motor. 
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If the motor is operating on one winding, you can transfer 
to the other winding. Simply depress the button controlling the 
contacts which connect the desired winding across the line. The 
mechanical interlock will open the other set of contacts. 

To stop the motor, depress the stop button located below the 
fast button if the motor is running at high speed, or depress 
the stop button below the slow button if the motor is operating , 
at slow speed. 

The overload relays are reset by pressing either the slow or 
i ast button. 

A.C. MAGNETIC ACROSS-THE-LINE STARTER 

The magnetic across-the-line starter shown in figure 206 is 
operated by local or remote master switch, or by automatic 




Figure 206.— A.C. magnetic across-the-line sUrt#r. 
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master switches such as pressure or temperature regulators. It 
consists of a shunt controlled main line contactor MC, two over- 
load relays A and B, and a latching relay, LR. 



A 



B 




Figure 207. — Wiring diagram of magnetic across-the-line starter 
with three-wire remote control. 

Figure 207 A is the wiring diagram and 207Z? an elementary 
wiring diagram of the starter. When the start button is de- 
pressed, a circuit is completed from L x through the start and 
stop buttons and the coil of LR to L v The coil of LR is 
enervWeA and LR operates to close relay contacts C, and C*. 
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This completes a circuit through coil M. Coil M is energized 
and closes the main line contacts MC l9 MC 29 and MC V Now, 
the motor is connected directly across the line. 

The latching relay controls the circuit to the coil of the main 
line contactor and prevents false operation of the main con- 
tactor under abnormal conditions. Contacts C t and C 2 are con- 
nected together by a lever which prevents them from opening 
as the result of a shock. Also, when the latching relay opens, 
it operates a mechanical latch which prevents the main con- 
tactor from closing while it is electrically de-energized. 

When the stop button is depressed, the latching relay is de- 
energized and contacts C x and C 2 open. This de-energizes the 
coil of the mahi contactor and the main contacts open. 

You will notice that the overload relays are in the control 
circuit, but are caused to operate by heating elements placed in 
the main lines. The relays are reset by depressing the reset but- 
tons. The fuse is also in the control circuit and is placed there 
to protect the control circuit when remote control switches are 
used. 

The starter also gives low voltage protection. That is. 
the magnetic contactor will open when the line fails or goes 
below a certain value. When the voltage is restored to its 
normal value, the motor will not start again until the start 
button is depressed. 

The a.c. magnetic contactor has an additional feature not 
*ound on a d.c. contactor. The armature of the contactor has 
a shading winding. As in the shaded pole motor, this shading 
winding is a short-circuited copper band or coil placed around 
a portion of the armature of the coil. It causes the flux in the 
shaded part of the armature to lac. the main flux. Thus, the 
armature is never completely demagnetized when the alternat- 
ing current in the coil goes through its zero value. If the shad- 
ing winding isn't used, the contactor will have a tendency to 
open as the current goes through its zero value. It won't open, 
but it does set up a hum or it tends to chatter. 

MAGNETIC REVERSING CONTROLLER 

Figure 20SA is a wiring diagram of a magnetic reversing 
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Fiaure 208. — Wiring, diagram of a magnetic reversing controller. 
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controller, and 2085 is an elementary diagram of the circuit. 
Its operation is similar to that of the non-reversing type of con- 
troller shown in figure 206, except that the reversing type con- 
troller is controlled by a three button master switch — for- 
ward, reverse, and stop. The forward and reverse buttons 
are used also for emergency run. 

Notice that the controller actually has two magnetic con- 
tactors and two sets of contacts. The control circuit of the 
magnetic contactor F is energized by the forward button and 
de-energized by the stop button. The control circuit of the 
magnetic contactor R is controlled by the reverse button and 
the stop button. 

When the forward button is depressed a circuit is completed 
from L x through the forward button and stop button, through 
the magnetic contactor coil F, and through normally closed con- 
tacts R 4 and L 2 . Coil F is energized, and the contactor closes 
main line contacts F 1$ F 29 and F 8 . Thus the.motor is connected 
directly across the line. T\ f T 2 , and T z are connected to L u L 29 
and L ;i respectively. 

When coil F is energized and closes the main contactor, it 
also closes contactor F 4 , which completes the holding circuit and 
permits the forward press button to be released. Then the 
closed contactor F B is opened by a mechanical interlock. 

Depressing the stop button de-energizes coil F, and the main 
contactor opens contacts F u F 2 , and F 3 , stopping the motor. 
Contactor F 4 is opened also, and the stop button may be re- 
leased. Contactor F 5 returns to its normally closed position. 

Now if the reverse button is depressed, a circuit is completed 
from L x through the stop button and the reverse button, through 
the magnetic contactor coil R t and normally closed contactor 
F 5 to L 2 . Coil R is energized, and the contactor closes main 
line contacts /?,, R 2 , and R s . The motor is connected directly 
across the line, but T x and T 2 have been reversed — 7\ and T 2 
are connected to L 2 and L 3 respectively — and the motor is re- 
versed. 

When R is energized and operates the main contactor, con- 
tactor 7? 5 is closed, and the holding circuit is completed around 
the reverse button which may be released. Also, normally closed 
contactor R 4 is opened, preventing coil F from being energized. 
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Contactors F and R are mechanically interlocked to prevent 
both closing at the same time. If both should close at the same 
time, L x and L 2 would be short-circuited. 

AUTO TRANSFORMER STARTER 

An auto transformer starter — also called auto-compensator — 

is shown in figure 209. It is magnetically controlled. It has 




Figure 209. — A.C. magnetic auto transformer starter. 



a magnetic starting contactor which, when closed, connects the 
transformers open delta. It also connects the primary ter- 
minals to L u L 29 and L : , and connects the motor leads to the sec- 
ondary taps on the transformers. In this way the motor is 
started at a reduced voltage. 
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Figure 210 is a wiring diagram of this auto transformer starter. 
There are three secondary taps on each transformer, and, in 
this particular case, the number 3 taps are used. A starting 
voltage equal to 80% of full line voltage is applied to the motor. 




Figure 210. — Wiring diagram for a.c. magnetic auto transformer starter. 



By using tap i or 2, the starting voltage may be reduced to 50% 
or 65% of the full line voltage. If tap number 1 on one trans- 
former is used, then tap number 1 on each of the other trans- 
formers must be used. The same thing goes for taps 2 and 3. 

Now, trace the circuit during the operation of the starter 
(figure 210). 

When the start button is depressed, a circuit is completed 
from L x through the stop button, start button, and latching re- 
lay coil iLR to L 2 . When iLR is energized, it closes con- 
tactor iLR 1 and iLR. 2 . Contactor iLR^ completes the holding 
circuit which shunts the start button, and the start button may 
be released. Contactor iLR 2 completes the circuit through 
contactor coil MS. 

MS is energized and operates the starting contactor, closing 
contacts MS l9 MS 2f and MS*. This connects the auto trans- 
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former in open delta and to the supply line. At the same time, 
contacts MS 4 and MS\ are closed, and the motor is connected 
to the secondary taps of the transformers. Thus, the motor is 
started at a reduced voltage, and, since the auto transformers 
step down the voltage, the primary current is less than the 
secondary current which the motor draws. 

At the same time coil MS closed the starting contactor, inter- 
locks opened contactors MS-. This prevents MR from becom- 
ing energized. Also, the time relay T.C., a mercury dash pot 
type mechanically connected to the starting contactor shaft, be- 
gins to operate. After a predetermined time delay, it closes 
contactor MS^. This completes a circuit which connects latch- 
ing relay coil 2LR across the line. The relay operates, closing 
contactors 2LR 2 and 2LR 3 and opening contactor 2LR X . 

When 2LR X is opened, relay iLR is de-energized and con- 
tactors iLR l and iLR 2 open. Opening iLR 2 de-energizes 
starting contactors A/5" and it opens. The auto transformers 
are disconnected from the line and the motor. When MS opens, 
its interlocks close contactor MS 7 . This completes the circuit 
which connects running contactor coil MR across the line. MR 
is energized and closes contacts MR l9 MR 2 , and MR^. The 
motor is connected directly across the line. 

Emergency run operation is obtained by holding down the 

EMERGENCY RUN button. 

STAR-DELTA STARTING 

A reduced voltage may be applied to a motor which normally 
has a delta connected winding by changing the motor terminal 
connection during the starting period. If the winding is changed 
from a delta connection to a star connection, the voltage across 
the windings is reduced to 57.7% of the line voltage. After 
the motor is started, the windings are reconnected delta, and 
the voltage across them is line voltage. 

All the phase leads are brought out to the terminal box, so 
the connection may be easily changed. 

Figure 211 is a wiring diagram of a magnetic controller used 
for star-delta starting. When the start button is depressed, con- 
tactor coil M is energized and closes contacts M u M 2f and M 3 
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connecting phase leads T. 2 , T 4 , and 1\ across the line. At the 
same time, relay R and magnetic contactor 5 are energized. 
Contactor ^ closes contacts S u S 29 and S z which connect phase 
leads T x% 7 3> and T 5 together. Now, the motor winding is star 
connected and connected across the line. 



L, 



M.zfc 




ft lL3l ri!-.f^ 





Figure 211. — Wiring diagram for star-delta magnetic controller. 



Relay R is a time relay. After a predetermined time delay, 
it opens the control circuit of contactors S and closes the con- 
trol circuit of contactor D. Contactor 5* opens contacts S l9 S 2% 
S z . Contactor D closes contacts D u D 2 , D 3 . Contacts D 19 D 29 
D 3 connects T l9 T 3 , jT 5 to T 6 , T 2 , T A respectively and make a 
delta connection of the stator winding. Contacts M l9 M 29 and 
M A remain closed so that the motor is connected across the line. 



MAINTENANCE OF CONTROLLERS 

The most important rule to remember when taking care of 
controllers is — be sure the controller is disconnected from 

THE POWER SOURCE BEFORE TOUCHING ANY OF THE OPERATING 
PARTS. 

Now that you are protected you can go ahead with your work. 
And of course the first thing you should do to obtain maximum 
efficiency from any controller is keep it clean. Keep it free 
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from dirt, dust, grease or oil, both inside and out. Clean the 
operating mechanism and contacts with a dry cloth, or with a 
vacuum cleaner. Small and delicate mechanical parts may be 
cleaned with a small, stiff bristle brush and carbon tetrachloride. 

If individual instruction sheets for a device indicate bearing 
surfaces are to be lubricated, the bearing surfaces should re- 
ceive a few drops of light oil, and all excess oil should be wiped 
off. In general, bearings which operate on a shaft or pin re- 
quire lubrication. But knife edge bearings and plunger type 
armatures — any bearings which may become gummed up — 

SHOULD NOT HE OILED. 

Copper contacts are used for most heavy duty power cir- 
cuits and, in many cases, in relay and interlock circuits. They 
should be inspected regularly. If projections extend beyond 
the contact surfaces, the contacts are pitted or coated with cop- 
per oxide. They should be dressed down with fine sand paper. 

Welding of copper contacts sometimes occurs. In spite of 
all precautions, low voltage is the most common cause. Weld- 
ing may also result from overloads, low contact pressure result- 
ing from wear or weak springs, loose connections, or excessive 
vibration. If welding occurs, it is an indication of trouble in 
the electrical system. The contacts will have to be replaced, but 
it is useless to replace them unless the cause of the welding is 
found and corrected. 

Carbon contacts are used where it is essential that a con- 
tactor always open when it is de-energized and not under any 
circumstances weld closed. They are used only when necessary 
because the current carrying capacity of carbon per square inch 
of contact surface is low, and therefore the contacts must be 
relatively large. 

Silver contacts are used extensively in pilot and control 
circuits, on relays, interlocks, master switches, and so on. They 
are used also on smaller controllers, and on heavy duty jobs 
when the contactors remain closed for a long period of time 
with infrequent operation. Silver contacts are used because 
silver oxide doesn't have the insulating qualities of copper 
oxide, and silver, therefore, insures better contact. 

Silver contacts seldom require dressing and should not be 
dressed unless sharp projections extend beyond the contact sur- 



331 



face- The contacts should be renewed when the wear allow- 
ance specified by the individual instruction sheet has been used 
up or when the contact face material has been worn away. If 
silver contacts are inactive for any time they should be cleaned 
with a cloth and carbon tetrachloride before they are put back 
in service. 

Blowout coils seldom wear out or give trouble when used 
within their rating. However, if they are required to carry 
excessive currents, the insulation becomes charred and fails, 
causing flash-overs and failure of the device. 

Arc shields are constantly subjected to the intense heats of 
arcing and may eventually burn away, allowing the arc to short 
circuit to the metal blowout pole pieces. Therefore, arc shields 
should be inspected regularly and renewed before they burn 
through. 

Arc barriers provide insulation between electrical circuits 
and must be replaced if broken or burned to a degree where 
short circuits are likely to occur. 

Loose connection — now there's a subject about which you 
should need no instruction. The importance of having clean, 
tight electrical connections cannot be over-emphasized. Where 
it is practical, it is a good idea and a common practice to solder 
electrical connections. 

Excessive slam on closing, particularly on a.c. magnet oper- 
ated devices, will eventually damage the laminated face of the 
magnet armature and may damage the shading coil. 

High voltage on the coil or the incorrect coil for the voltage 
may cause excessive slam. In the case of high voltage, correct 
it at the power source. If the voltage is correct, check the coil 
numbers against the service plans for the device and see if they 
agree with the nameplate voltage. If not, replace the coil with 
the proper coil. 

If a.c. magnets chatter, check the shading coil and replace 
if broken. A temporary repair can sometimes be made by 
soldering a jumper over the break. 

A magnetic hum on a.c. magnets is an indication that the 
magnet armature is not properly sealed when it closes. In addi- 
tion to the broken shading coil, magnetic hum may be caused 
by— dirt, grease or other foreign matter on the magnet face; 
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misalignment of the armature ; binding caused by a bent arma- 
ture ; low voltage ; too much spring pressure on the contacts. 

Magnet coils should be kept dry. Wet coils should always 
be dried out before using. They may be dried by baking them 
in an oven at uo° C to 125 0 C. The length of time in the oven 
depends upon the size of the coil. 

Protecting resistors are sometimes automatically inserted in 
series with the coil by means of auxiliary contacts when the 
magnet operates. This is to protect the coil from overheating. 
If excessive heating of the coil is apparent, the resistor should 
be checked for shorts, and you should make sure the auxiliary 
contactor is inserting the resistor in the circuit. 

Low voltage, sticking armature, or too much spring pres- 
sure on the contacts may prevent the magnetic gap from clos- 
ing properly ; the result often is a burned out coil. 

Always handle coils carefully. Don't pick them up by their 
leads. 

A little attention to the controllers at the right time can save 
you lots of trouble and work. 
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How Well Do You Know - - 

ELECTRICIAN'S MATE 2c 



QUIZ 



CHAPTER I 
A QUICK REVIEW 

1. The unit of current flow is the (coulomb) (ampere) (second) 
(EMF). 

2. A 100, a 50, and a 25 ohm resistor are connected in parallel. If am 
emf of 70 volts is applied to the 25 ohm resistance, how much 
current flows through the three resistors? 

3. An ammeter with a 0-5 ampere range has an internal resistance of 
.01 ohms. What resistance must you use, and how must you connect 
it to extend the range to 0-10 amperes? 

4. A 1,000 ohm per volt voltmeter has a range of 0-100 volts. What 
resistance must you use, and how must you connect it, to extend the 
range to 0-200 volts ? 

5. A potential of 220 volts is applied to a lighting circuit. What are 
the IR drops about the circuit? 

C. You are holding a coil in your hand palm up. Your thumb is 
pointing toward the north pole. What direction is the current flowing 
in the coil? 

7. The unit of capacitance is the (Henry) (Coulomb) (Farad) 
(Abohm). 



CHAPTER 2 
KIRCHHOFFS LAWS 

1. Four resistances, 30, 43, 90, and 180 ohms, are connected in series. 
The IR drop across the 90 ohm resistor is 15 volts. What is the 
circuit EMF? 

2. Three resistors, 100, 50, and 25 ohms, are connected in parallel. A 
1 ampere current flows through the largest resistance. What are the 
currents through the other two resistors, the current flowing away 
from the circuit, and the applied EMF? 



CHAPTER 3 
MEASUREMENT INSTRUMENTS 

1. The and are two types 

of meters commonly used with A.C. 
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2. Make a schematic diagram showing how to connect potential and 
current transformers into the circuit. 

3. What precaution must be observed in using current transformers? 

4. What precaution must be taken with a potential transformer? 

5. Make a circuit diagram of a single phase wattmeter and indicate 
circuit connections. 

6. Do wattmeters indicate (true power) (apparent power) (average 
power) ? 

7. A polyphase wattmeter has how many sets of movable coils? Sta- 
tionary coils? 

8. In a watt hour meter the rpm of the motor is proportional to the 



CHAPTER 4 
GENERATORS— ARMATURE WINDING 

1. Make a schematic diagram of a series, shunt cumulative compound, 
differentially compound, and separately excited generator connec- 
tions. 

2. What is the meaning of a "full pitch" in armature windings? 

3. Make a sketch of a lap winding. 

4. The coils of a lap winding lie in slots 3 and 11. What is Kfc? 

5. In a 4-pole lap wind, what part of the distance around the armature 
does each winding reach? 

ti. In order to obtain a balanced armature voltage, Yf and Yb must be 
(both odd numers) % (both even numbers) (one odd and one even). 

7. Make a sketch of a wave winding. 

8. You have a 16 slot armature and wish to place a wave winding on 
it. Why cannot Yf and Yb be 8? 

9. You have a simplex wave winding with the coils lying in slots 
1-10-17-26^33-8^15-24-31. Give Yb and Yf? 

10. How many current paths in a wave winding? 

11. A 4-pole wave wound armature requires how many brushes? 

12. What is the purpose of a dummy coil in a wave winding? 

13. What is the basic difference between a simplex and a multiplex 
winding? 

14. What is a commutator pitch in a triplex winding? 

15. What is the advantage of a 450 ampere triplex over a simplex of 
the same current capacity? 

16. In a generator if you increase the paths you (increase) (decrease) 
th* vnltaorp and ( increase) (decrease) the current 
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CHAPTER 5 



GENERATOR— COMMUTATION 

1 . In a generator, what is the neutral plane ? 

2. What must be the position of the brushes in respect to the neutral 
plane to produce ideal commutation? 

3. What will happen if the brushes and neutral plane are not in the 
proper relationship? 

4. What are the three requirements of ideal commutation? 

5. What effect does self-induction have on the current in commutator 
coils? 

6. What does the voltage of self -induction do to ideal commutation? 

7. What is the relationship of the directions of the field flux to the 
flux of a loaded armature? 

8. What effect does the combination of field and loaded armature flux 
have on the neutral plane? 

9. Increasing the load on a generator causes you to shift the brushes 
(in the direction) (away from the direction) of rotation. 

10. A changing load will cause you to the brushes 

each time the load changes to prevent 

11. List the four devices used to overcome the effect of the emf of 
self-induction and armature reaction. 

12. Slatted pole pieces weaken the armature field by 

13. What effect has a laminated pole tip on the distorted flux field? 

14. What is the relationship of the physical position of interpoles to the 
mechanical neutral plane? 

15. What is the relationship of the flux strength of the interpole to the 
flux produced by the emf of self-induction? 

16. How do the interpoles overcome the effect of armature reaction? 

17. How are the interpoles connected into the armature circuit? 

18. What is the direction of the current flow in armature compensating 
windings ? 

19. How are the compensating windings connected into the armature 
circuit? 

CHAPTER 6 

D.C. GENERATORS — VOLTAGE REGULATION 

AND CONTROL 

1. Voltage regulation refers to 

2. Voltage control is 

3. A generator has a no load terminal voltage of 4o0 volts, and a full 
i^A ..~n ~r AOQ voJts. What is the nerrent of regulations? 
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4. What three factors influence the terminal voltage of a shunt genera- 
tor running at a constant speed? 

5. Make a sketch of the terminal voltage output of a shunt wound 
generator with a drooping characteristic. 

6. What is the usual method of regulating the terminal voltage of a 
shunt generator? 

7. What is the character of the series field in a flat compound gen- 
erator ? 

8. If the series field of a compound generator has enough turns to 
cause the voltage to rise with increased load, the generator is said to 
be (flat) (under) (over) compounded. 

9. What is the terminal voltage characteristic of a differentially com- 
pounded generator? 

10. What type of d.c. generator is installed in most ships? What is the 
characteristic of its winding? 

CHAPTER 7 
D.C. MOTORS 

1. List the factors used in classifying motors. 

2. List the C degrees of enclosure used with many motors. 

3. What is the difference between a continuous duty and an intermit- 
tent duty motor? 

4. What effect does armature reaction have upon the field flux in a 
motor ? 

5. To compensate for flux distortion in a motor, you shift the brushes 
(backward) (forward). 

6. How do the commutation difficulties of a d.c. generator and motor 
compare? 

7. What is the relative polarity of main poles and interpoles in a d.c. 
generator ? 

8. What devices other than interpoles are used to improve commutation 
in motors? 

CHAPTER 8 
MORE ABOUT D.C. MOTORS 

1. If a motor turns 1,750 RPM with no load, and 1,600 RPM with 
load what is its speed regulation? 

2. A shunt motor is connected to a 200 volt line, draws 5.4 amperes, 
and turns 1,750 RPM with no load. When fully loaded, it draws 
30.4 amperes. The field resistance is 500 ohms and armature resist- 
ance is 4.4 ohms. What speed does the motor turn when loaded? 
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3. A series motor has a torque of 50 lb.- ft. with 25 amperes; what will 
the torque be at 30 amperes? 

4. A 220 volt series d.c. motor turns 1,250 RPM when the current is 
4 amperes. What will be the RPM when the current is 12 amperes, 
assuming the flux is doubled at 12 amperes? The resistance of 
armature and brushes is 0.8 ohms, and field 1.2 ohms. 

0. What precautions must be taken when using series motors? Why? 

6. What is the nature of the starting torque characteristic of a com- 
pound motor as compared to a series and shunt motors. 

7. What type of a winding produces a nearly constant speed? 

8. In differently compounded motors, which field is shorted out during 
starting? Why? 

9. What is the nature of the speed curve for shunt and compound 
motors from no load to load ? 

10. When will the speed of a series motor begin to drop? 

11. In shunt and compound motors, which speed control method is most 
efficient? What is the usual permissible range of control? 

CHAPTER 9 

STARTERS & CONTROLLERS FOR D.C. MOTORS 

1 . List four uses of the motor controller. 

2. List 5 types of controllers classified as to degree of enclosure. 

3. List 6 types of controllers, classified according to their construction. 

4. In d.c. controllers, identify the functions of the following parts: 

a. Starting resistance 

b. Low voltage coil 

r. Series overload coil 
rf. Blowout coil 

CHAPTER 10 
MAGNETIC CONTACTORS 

1. What is the function of the accelerator contactors in figure 91? 

2. What is the basic difference between a magnetic and a manual con- 
tactor ? 

3. What is the difference in the solenoids used with shunt and series 
contactors ? 

4. What is the function of auxiliary contacts with shunt contactor in 
figure 92? 

5. In figure 91, what is the function of auxiliary contacts "H"? 

6. When two or more remote start-stop buttons are connected to a 
single magnetic contactor, the buttons are connected in (series) 
fseries naralleH foarallel). 
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CHAPTER 1 1 



OVERLOAD PROTECTION 

1. List three methods of obtaining overload protection. 

2. In figure 97, list the sequence of operation in the event of an over- 
load. 

3. How does an overload current trip the contacts in figure 98? 

4. Why are the three steps of starting resistance necessary with mag- 
netic contactors like the ones in figure 99? 

5. How could the contactors of figure 99 be used as a speed regulator? 

6. In figure 100, how is the starting resistance removed from the 
circuit? 

7. What is the reaction of a series contactor to a high and low 
current? 

8. How does the size of the air-gap in figure 102 influence the operation 
of the contactor? 

9. In the double lock-out contactor of figure 103, which coil closes and 
which coil holds the contactor open? 

10. Series contactors are often called current limit starters. Why? 

CHAPTER 12 
CIRCUIT BREAKERS 

1. In figure 106, which contacts open first? 

2. What purpose do the auxiliary contacts in figure 106 serve? 

3. What type of a trip coil is shown in figure 107? 

4. What is the sequence of action in opening the circuit breaker in 
figure 107? 

5. How does the operation of an undervoltage circuit breaker differ 
from an overload circuit breaker? 

6. How many coils are used in a reverse current circuit breaker? Name 
them. 

7. Where are reverse current circuit breakers used? 

8. What current energizes the solenoid in figure 108? 

9. In figure 108 what will happen if the current falls below a pre- 
determined value? 

10. In figure 109, how does the motor become a brake? 

CHAPTER 13 
ALTERNATING CURRENTS 

1 . The peak emf of a generator is 440 volts. What is its instantaneous 
value at 30°, 50°, 80° ? 



342 



2. A generator has 6 poles. How many electrical degrees in one rota- 
tion? 

3. If the generator in question 2 is turning 120 rps, what is the fre- 
quency? 

4. How is an ampere of a.c. compared to an ampere of d.c? 

5. An a.c. generator has a terminal emf of 440 volts. What are the 
peak and average values? 

6. Two currents are out of phase by 90°. The emf of one is 90° and 
the other 100°. What is the combined voltage? 



CHAPTER 14 
REACTANCE 

1. A 440 volt circuit contains an inductance of .6 henries. The fre- 
quency is 60 cycles. Neglecting the resistance, how much current will 
flow in the circuit? 

2. An inductance causes the current to (lag) (lead) the voltage. 

3. In drawing a vector diagram of an inductive circuit, which direction 
will the phase angle be rotated ? 

4. In an inductive circuit, the I XL component is 120 volts, and IR 100 
volts. What is the circuit Et What is the power factor? 

5. In a capacitive circuit, what is the relationship between the current 
and voltage? 

6. How does a condenser charge? 

7. What is the comparative reaction of a condenser to d.c. and a.c? 

8. A condenser has a capacity of 20 mf. What is its reactance to a 
60 cycle current? If the emf is 220 volts, what current will flow if 
resistance is zero? 



CHAPTER 15 
IMPEDANCE 

1. A circuit contains an inductance of .1 henry and a resistance of 
36 ohms. The frequency is 60 cycles and the emf 220 volts. What 
is the impedance and what current will flow? 

2. In question 1, what is the phase angle? 

3. A circuit contains a resistance of 40 ohms, an inductance of 1.0 
henry, and a condenser of 8 mf. The frequency is 60 cycles and the 
line emf is 440 volts. Find the current and the power factor. 
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4. A resistance of 20 ohms, an inductance with an XL of 15 ohms, and 
a condenser with an XL of 10 ohms are connected in parallel across 
a 220 volt, 60 cycle line. 
Find: 

a. Current through each leg. 

b. Total current. 

c. Total power. 

d. Phase angle. 



CHAPTER 16 

POWER 

1 . In an a.c. circuit containing a resistance only, why cannot EM X IM 
equal the true power of the circuit? 

2. Show that E eff X / eff gives average power. 

3. Explain "wattless power." 

4. Find the true power in a 225 volt, 60 cycle circuit containing a 
resistance of 20 ohms and an XL of 15 ohms. What is the power 
factor ? 



CHAPTER 17 
ALTERNATING CURRENT GENERATORS 

1. What advantages do polyphase currents have over single phase cur- 
rents ? 

2. A balanced 3 phase generator has a terminal voltage of 220 and a 
line current of 10 amperes. Find the total power if the phase angle 
is 30° lagging. 

3. Why is it necessary to use the KVA system in rating alternators 
rather than KW? 

4. A low speed generator uses a pole rotor and a 

high speed generator uses a rotor. 

5. What method of cooling is used with turbo type generators? 

6. Which type of generator is usually used with direct connected alter- 
nators for sizes greater than 500 KVA ? 

7. How does a lagging power factor influence the terminal emf of an 
alternator ? 

8. Voltage regulations of alternators are inherently (better) (poorer) 
than d.c. generators. 

9. How will the starting of an a.c. motor affect the terminal voltage of 
an alternator? 

10. Why is manual voltage control unsatisfactory with alternators? 
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11. How is automatic voltage control of an alternator accomplished? 

12. What is the purpose of an equalizing reactor? 



CHAPTER 18 

PARALLEL OPERATION OF ALTERNATORS 

1. Why must the phase of the incoming alternator be in the same 
direction as the running alternator when the live switch is closed? 

2. In using three incandescent lamps to indicate when to parallel alter- 
nators, tell what the following conditions indicate — 

a. Flickering lamps. 

b. Bright lamps. 

c. All dark. 

3. Where is it advisable to use the two bright and one dark lamp 
method in paralleling alternators? 

4. What information is revealed by the synchroscope? 

5. When using a synchroscope, what is the proper interval to close the 
paralleling switch? 

6 . How may an alternator be made to carry more load ? 

7. Why does increasing the power on a paralleled alternator pull the 
alternator out of synchronism? 



CHAPTER 19 
TRANSFORMERS 

1. A primary and a secondary terminal of a transformer are said to be 
of like polarity. What does it mean ? 

2. What do terminal markings H and AT mean? 

3. Determining the polarity of a transformer is known as 

4. Make a diagram to indicate a series connection of transformers. 

5. What is an advantage of using a delta connected transformer system? 

6. What type of transformer connection is used to obtain high voltage? 

7. How many windings on an auto transformer? 

8. Which portion is considered as the secondary in an auto trans- 
former? 

9. Where are three-phase transformers used? 

10. How are potential transformers connected into circuits? Current 
transformers? # 

11. What precaution must be observed in using current transformers? 
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CHAPTER 20 



A.C. MOTORS 

1. What advantages over a d.c. motor are present in an induction 
motor ? 

2. For what type of service are d.c. motors best suited? 

3. What causes the magnetic field to rotate in an induction motor? 

4. What is the synchronous speed of a 4-pole machine powered by a 
120-cycle current? 

5. What is the nature of the windings in a squirrel cage rotor? 

6. What is the electrical connection between the line and rotor of a 
squirrel cage motor ? 

7. Why cannot the rotor of a squirrel cage motor turn at the same 
rpm as the rotating field? 

8. What is "slip"? 

9. Which squirrel cage motor will have the better speed regulation, a 
high or low resistance rotor winding ? 

10. Why is the starting current of an induction motor very high? 

11. How may the high starting current of a squirrel cage rotor be 
reduced ? 

12. What advantage does a wound rotor motor have over a squirrel cage 
rotor? 

13. How may squirrel cage motors be designed for speed adjustment? 

14. In a synchronous motor (a.c.) (d.c.) is applied to the stator and 
(a.c.) (d.c.) to the rotor. 

15. How are synchronous motors usually constructed to facilitate start- 
ing? 

16. How is a synchronous motor used to improve power factor? 

17. What is the purpose of the second winding in a split phase motor? 

CHAPTER 21 
A.C. CONTROLLERS 

1. Why are starters necessary with large induction motors? 

2. Name the two types of a.c. motor starters commonly used. 

3. Which type is most commonly used? Why? 

4. What types of protection are built into across-the-line starters? 

5. In across-the-line two speed starters, which speed is used to start the 
motor ? 

6. What advantage is experienced in starting a delta-wound motor as a 
star connected and then reconnecting the motor delta once speed is 
reached ? 

7. What precaution must you always observe when servicing a con- 
troller ? 
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ANSWERS TO QUIZ 



CHAPTER I 
A QUICK REVIEW 

1. Ampere. 

2. Approximately 5 amps. 

3. .01 ohms, as a shunt. 

4. 100,000 ohms, in series. 
5 . 220 volts. 

6. Toward y6u at the top, away at the bottom of the coil. 

7. Farad. 

CHAPTER 2 

KIRCHHOFPS LAWS 

1 . 57.5 volts. 

2. 2 amps, and 4 amps., 7 amps., and 100 volts. 

CHAPTER 3 
MEASUREMENT INSTRUMENTS 

1. Iron vane and electrodynamometer. 

2. Check your answer with figures 24 and 25. 

3. Short and ground the secondary before removing ammeter from the 
secondary. 

4. Close the secondary through a high resistance. 

5. Check your answer with figure 27. 

6. True power. 

7. Two sets of each. 

8. Power. 
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CHAPTER 4 



GENERATORS— ARMATURE WINDING 

1. Check diagrams with figure 29. 

2. Both legs of a coil are in the center of opposite field poles at the 
same instant. 

3. Check drawing with figure 33 or 34. 

4. 8. 

5. Approximately one fourth the distance. 

6. Both odd numbers. 

7. Check your drawing with figure 36. 

8. The coil will close on itself after one round. 

9. Yb = 9. Yf = 7. 

10. Two. 

11. Two. 

12. To balance the armature. 

13. A multiplex has two or more parallel windings and a simplex has 
a single winding only. 

14. Yc = S. 

15. Wires may be smaller in a triplex current divided between the three 
windings. 

16. Decrease voltage — increase current. 



CHAPTER 5 
GENERATOR— COMMUTATION 

1. The plane where no emf is induced. 

2. Brushes must lie along the neutral plane. 

3. Arcing will burn brushes and score armature. 

4. No voltage — no current — no sparking in the shorted coil. 

5. To keep the current flowing after the coil has passed from under 
a pole. 

6. Causes current to flow while the brushes are in the neutral plane. 

7. They are at right angles to each other. 

8. Shifts the neutral plane in the direction of rotation. 

9. In the direction. 

10. Shift — sparking. 

11. Slotted pole pieces — laminated pole tips — interpoles — compensating 
windings. 

12. By placing a high reluctance air gap in the path of the flux. 

13. The half amount of iron reduces the flux concentration at the pole 
tips by one half. 

14. They lie along the mechanical neutral plane. 

15. Made exactly equal. 
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16. The polarity of the interpole is the same as that of the next main 
pole, thus producing cancellation of the armature flux. 

17. In series. 

18. Opposite to the armature current. 

19. In series. 



CHAPTER 6 

D,C. GENERATORS— VOLTAGE REGULATION 

AND CONTROL 

1. Any change in generator terminal voltage caused by a change of 
load. 

2. Any external adjustment used to regulate the generator voltage. 

3. Approximately 7%. 

4. 1. IR drop in armature. 

2. AR drop caused by armature reactance. 

3. Decreased field excitation. 

5. Check your sketch with figure 66. 

6. Insert a rheostat in series with the shunt field. 

7. Series field has just enough turns to compensate for the loss of 
flux of the shunt field. 

8. Over. 

9. Terminal. 

10. Stabilized shunt. The shunt winding is just enough to allow a 
voltage regulation of 12%. 



CHAPTER 7 
D.C. MOTORS 

1 . a. Degree of enclosure. 
b. Method of cooling, 
r. Speed. 

d. Duty. 

e. Type of field winding. 
/. Voltage. 

2. Open — dripproof — semi-enclosed — enclosed — waterproof — submersible. 

3. A continuous duty motor can be operated for an indefinite period 
without overheating. An intermittent duty motor can be operated 
for a limited time only. 

4. It distorts the field flux opposite to the direction of armature rota- 
tion. 
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6. Backward. 

6. They are the same. 

7. The interpole has the same polarity as the main pole in back of it 

8. Laminated pole tips, slotted pole pieces, compensating windings. 



CHAPTER 8 
MORE ABOUT D.C. MOTORS 

1. Approximately 8%. 

2. Approximately 1,610 RPM. 

3. Approximately 72 lb.-ft. 

4. Approximately 578 RPM. 

5. Never operate without load. 
Motor will run away. 

6. Less than series, greater than shunt. 

7. Differentially compounded. 

8. a. Series field. 

b. To eliminate the danger of motor starting in reverse direction. 

9. Nearly flat. 

10. When the saturation point of the iron is reached. 

11. Field control. About 25%. 



CHAPTER 9 

STARTERS & CONTROLLERS FOR D.C. MOTORS 

1. Starting, stopping, reversing, and changing speed. 

2. Open, semiprotected, protected, dripprooof, and waterproof. 

3. Across-line switch, face panel, drum switch, drum controller, pneu- 
matic contactor, and magnetic contactor. 

4. a. To reduce the current through the motor when starting. 

b. To open the circuit if the voltage falls too low. 

c. To open the circuit if the motor draws too much current. 

d. To blow out the air formed when the contacts open. 



CHAPTER 10 
MAGNETIC CONTACTORS 

1. To cut the starting resistance out of the circuit. 

2. A magnetic contactor is just an across-the-line switch activated 
by a solenoid rather than by hand. 
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3. Shunt solenoid has many turns of fine wire; series solenoid has few 
turns of heavy wire. 

4. To insert a resistance in series with solenoid in order to reduce the 
current once the contactors have been closed. 

5. To energize the holding coil after the start button has been released. 

6. Parallel. 

CHAPTER 1 1 
OVERLOAD PROTECTION 

1. Fuse, magnetic relays, thermal relays. 

2. a. High current operates overload relay. 

b. Shunt coil is deenergized. 

c. Main contactor opens cutting off the current. 

d. Overload relay drops back to normal, but main contactors remain 
open until start button is pressed. 

3. a. Overload coil raises the plunger and trips the main contactors. 
b. Holding coil on relay keeps circuit open until cause of overload 

is removed. 

4. The three steps provide a means for removing the series starting 
resistance as the motor gains speed. 

5. By making the resistance of sufficient wattage rating to withstand 
the heat dissipation. The three steps then could be used as a three 
step speed regulator. 

6. Contactor 3R closes and shorts the resistance out. 

7. When the line current exceeds a predetermined value, the contactor 
opens. When it falls below this value, it closes. 

8. Increasing the air gap causes the contactor to close at a lower 
value of current. 

9. Coil D closes, and coil C holds it open. 

10. Because the operation of the accelerating contactor depends upon 
the value of armature current. 

CHAPTER 12 
CIRCUIT BREAKERS 

1. Main contact A. 

2. They reduce the current after the main contactor has opened and 
cause the greatest arc to appear at the small carbon contacts. 

3. Series. 

4. An over-load current lifts the plunger, the plunger trips the tugger, 
and the contacts fly open. 
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5. The plunger is held in position by a solenoid as long as the current 
is normal. When an undervoltage appears, the pull of a spring 
overcomes the pull of the solenoid and trips the tugger. 

6. Two — potential and current coils. 

7. Charging panels for storage batteries and on switch boards for 
paralleling generators. 

8. Motor armature current. 

9. A spring pulls the brake shoes against the brake drum. 

10. A set of contactors places a low resistance across the motor termi- 
nals. The load on the motor tends to keep the motor turning, in- 
ducing a high current in the armature, and the motor then acts as a 
generator. 

CHAPTER 13 
ALTERNATING CURRENTS 

1 . 220 volts, 5*5 volts, 433 volts. 

2. 1,080. 

3. 360 cycles. 

4 . An ampere of a.c. must produce the same heating effect as an ampere 

of d.c. 

5. 623 volts peak, 396 average. 

6. 134.2 volts. 

CHAPTER 14 
REACTANCE 

1. 3.45 amperes. 

2. Lag. 

3. In a counterclockwise direction. 

4. 156.2 volts. .64 ( 50° lagging). 

5. Current leads the voltage. 

6. Electrons enter one plate and leave at the other. 

7. A condenser acts as an open circuit to d.c. but will conduct a.c. 

8. 134 ohms. 1.68 amperes. 

» 

CHAPTER 15 
IMPEDANCE 

1. Z is 52.3 ohms. 4.2 amperes. 

2. 46.5° lagging. 
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3. 7.3 amperes. .667 (48°8' lagging). 

4. a. IR is 11.0 A. / x , is 14.7A. f xt is 22.0. 

b. I t is 13.0 A. 

c. P t is 2860 watts. 

d. Phase angle is 68°6' leading. 



CHAPTER 16 
POWER 

1. Because EM X IM gives peak, instantaneous power only- 

2. .707 X .707 = .4998 or 49.98%. 

3. In a pure inductive circuit, the inductance returns as much power 
to the circuit as it receives ; therefore the average input is zero. 

4. 1215.0 watts. .798 (37° lagging). 



CHAPTER 17 
ALTERNATING CURRENT GENERATORS 

1. Smoother power, less pulsation; require smaller generator and less 
copper. 

2. 3,290 watts. 

3. The PR loss in a generator armature is independent of the power 
factor, but the output of a generator in KW is dependent on the 
power factor. Thus unless the machine is of unity power factor, 
the KW output must always be less than the KVA rating, or the 
generator will burn out. 

4. Salient — turbo. 

5. Forced circulation. 
C. Turbo-type. 

7. Maximum voltage is not reached until the armature coil has passed 
•beyond the center of the field coil. Any further increase in lag will 
reduce emf still further. 

8. Poorer. 

9. Starting current of an a.c. motor is 6 to 8 times operating current 
and of low power factor, contributing further to reducing emf. 

10. Too slow and not accurate enough. 

11. By using variable resistors in the alternator field activated by the 
alternator terminal voltage. 

12. To keep the power factors of paralleled alternators equal. 
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CHAPTER 18 

PARALLEL OPERATION OF ALTERNATORS 

1 . Opposite phase will result in a short circuit ; partial phase will 
cause incoming generator to run as a motor. 

2. a. Incorrect frequency. 

b. Out of phase. 

c. Correct instant to close switch. 

3. With high speed turbo-type alternators. 

4. The relative frequency of operating and incoming generator. 

5. When needle is moving slowly in the fast direction, and just be- 
fore it reaches exact synchronism. 

6. By increasing the power on the prime mover. 

7. Because an alternator once in step tends to remain in that condition. 
Increased power results in increased load, not speed. 



CHAPTER 19 
TRANSFORMERS 

1. The terminals are maximum positive or maximum negative at the 
same instant. 

2. H indicates the high voltage side, X the low voltage winding. 

3. Phasing out. 

4. Check your answer with figure 165. 

5. One transformer, if damaged, may be removed from the circuit and 
the system will operate on approximately 58% of full capacity. 

6. Star. 

7. One. 

8. The portion between the top and either line terminal. 

9. In starting induction motors. 

10. Across-the-line. In the line. 

11. Never open secondary circuit. 



CHAPTER 20 
A.C. MOTORS 

1. It possesses no commutator or brushes; therefore, most of the 
troubles are eliminated. 

2. Constant speed. 



354 



3. As the changing value of the current progresses through the wind- 
ings, the maximum field strength follows the maximum value of 
current, thus the field is caused to sweep or rotate about the stator. 

4. 3,600 rpm. 

5. Bars of copper or aluminum are inbedded in a laminated iron coil. 
The bars are welded to copper aluminum rings on either end of the 
rotor. 

6. Induction only. 

7. If the rotor were to turn at the same speed, no induction in the 
rotor could take place, because no lines of force would be cut. 

8. The difference between the rotor speed and the synchronous speed. 

9. Low resistance. 

10. At low speeds of rotation the field sweeps across the armature bars 
many times a second. As the speed of rotation increases, the rate 
of cutting is lower and the current falls. 

11. By inserting resistance in series with the bars. 

12. The starting resistance may be removed once the motor is up in 
speed. 

13. By designing the stator so a variable number of field poles may be 
used. 

14. a.c. — d.c. 

15. Rotors contain a squirrel cage winding ; and once up in speed, the 
d.c. field is excited and the motor locks in step. 

16. By connecting the motor without load in parallel with the line. 
Under-exciting the d.c. field produces a lagging power factor, and 
over-exciting a leading power factor. The d.c. field is over-excited 
just enough to correct the lagging factor of the circuit. 

17. To aid in starting the motor. 



CHAPTER 21 
A.C. CONTROLLERS 

1. To reduce the starting current and thus protect the lines. 

2. Resistance type, and auto transformer. 

3. Auto transformer. Gives the lines more protection. 

4. Overload, low voltage. 

5. High and then switched to low if desired. 

6. Starting voltage reduced to about 58°. 

7. Be sure it is disconnected before touching any of its parts. 
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parallel operation of 241 

rating , 232 

rheostatic type 239 

single phase 226 

Ammeter connections, view.. 6 

Ampere, definition 2 

Arc shields 332 

Armature 

coils 64 

flux 82 

reaction on generator . . 68, 102 

windings 40, 82 

Auto transformer 

diagram of 274 

starter 327 

Back pitch „ 47 

Blow-out coils 133,332 

Built-in shunts 29 

Capacitive circuit, impedance 
of 204 

Capacitor start motor, view.. 307 

Capacity of condenser 195 

Carbon contacts, use 331 

Care of alternators 251 

Circuit breaker 132 

view of 166 

Circuit 

instrument transformer . . . 281 
parallel, characteristics ... 4 
view of 210 



series, characteristics 4 

table of 9 

Coils 

blow-out 133, 332 

series overload 132 

Combining alternating cur- 
rents and voltages 188 

Commutation, definition . . 62, 84 

Compensating windings 81 

Compound generators 92 

Compound wound D.C. motors 115 

speed control 124 

torque characteristics 177 

Compound wound motor 101 
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capacity of 195 

features 197 

fixed 14 
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variable 14 

Connections 
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differential compound 40 

ohmmeter, view 8 
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separately excited 40 
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shunt 40 

voltmeter, view 7 

Controllers 

face-panel 130 

D.C. motors 125 

magnetic contactor 127 

maintenance 330 

v pneumatic contactor 127 

terminal markings 130 

types 128 

Cooling transformers 254 

Cumulative compound connec- 
tion 40 

Current flow, rate of in con- 
denser 197 



Current transformers 30, 278 
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Delta connection 229 

Delta-delta connection in 

transformers 26fi 

Delta-star connection in 

transformer 262 

Diagram, vector 211 

Differential compound connec- 
tion 40 

Differential motor 115 

« Direct current watt-hour me- 
ter 36 

Double coil lookout contactor 160 

Double squirrel cage motor . . 298 

Dripproof motor 98 

Drum controllers 135 

Drum winding 40 

Dynamic braking on motors.. 172 

Electrical symbols 3, 4 

chart J? 

Electromagnetism, use 11 

Electrons, flow 1, 2 

Enclosed motor 98 

Excitation indicator 37 

External shunts 29 

Face-panel controllers 130 

Fixed condensers 14 

Float switch, operation 146 

Flux 

armature 82 

compensating winding 83 

interpole 79 

Fractional pitch 42 

Frequency voltage 180 

Front pitch 47 

Full pole pitch 42 

Generation, alternating volt- 
age 177 

Generators 

alternating current 225 

armature reaction 102 

compound 92 

connections 40 

view 41 

definition 39 

parts 39, 61 



Impedance 

capacitive circuit 204 

definition 189 

inductive circuit 202 

Induced current, view 11 

Inductance 

A.C circuit 190 

definition 13 

motors, reducing applied 

voltage 317 

self 68 

Inductive circuit, impedance.. 202 

Inductive reactance, finding !. 192 

Instrument transformers 30 

Interpoles, action 80 

Interpole flux 79 

Instrument transformer cir- 
cuits 281 

Instantaneous voltages, defini- 
tion 178 

KirchhofTs laws 9 

Lag, angle of 203 

Lap winding 43 

designing 48 

Magnets 

coils, keeping 333 

permanent 10 

temporary 10 

Magnetic 
contactors, controllers, 

types 139 

fields, view 10 

flux 10 

relay, definition 149 

reversing controller, diag- 
ram 325 

Magnetism, function 10 

Maintenance of controllers .. 330 
Measuring alternating cur- 
rents and voltages 182 

Motor-operated rheostat 240 

Motor 

compound wound 101 

double squirrel cage 298 

dripproof 98 
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enclosed 98 

oyen type 98 

repulsion-induction 310 

semi-enclosed 98 

shaded pole 309 

split phase 303 

stabilized shunt 101 

submersible 99 

synchronous 300 

universal 316 

waterproof 99 

wound rotor 297 

Multiplex winding 54 

Ohm, definition 2 

law 5 

Ohmmeter connections, view.. 8 

Open type motor 98 

Overload relay 149 

Parallel circuits 

characteristics 4 

single phase 208 

view 210 

Parallel connections 58 

Permanent magnets 10 

Permeability, definition 10 

Phase relationship 184, 185 

use of sine waves to indicate 185 

Phasing out 258 

Phasing split windings 257 

Pitch, back 47 

fractional 12 

front 47 

full pole 42 

Pneumatic contactor controller 127 

Polarity of transformers 254 

Polyphase alternators 227 

Polyphase wattmeters 34 

Polyphase wattmeter, use 
with instrument transform- 
ers 283 

Polyphase windings 227 

Potential transformers 30,277 

use with instrument trans- 
former 283 

Power, development in A.C. 
circuits 215 



factor meter 37 

construction 249 

view 249 

Rate of current flow in con- 
denser 197 

Rating alternators 232 

Reaction, armature 68 

Reducing applied voltage in in- 
duction motors 317 

Regulation, percent of, calcu- 
lation 90 

Relay, overload 149 

Reluctance, definition 10 

Repulsion induction motor 310 

Repulsion motors 310 

Rheostat, motor-operated 240 

Rheostatic type alternator 239 

Rotor speed 299 

Rotor, squirrel cage 289 

Salient pole type rotor 234 

Self-induction 68 

Semi-enclosed motor 98 

Separately-excited connection . . 40 
Series 

circuits, characteristics 4 

connection 40, 58 

contactors, operation 141 

types 141 

motor 112 

overload coil 132 

wound D.C. motors, speed 

control 123 

Shaded pole motor 309 

Shunts, built-in 29 

connection 40 

contactor connected into cir- 
cuit, view 141 

external 29 

wound generator, voltage 

drops 90 

Silver contacts, use 331 

Single phase, alternator 226 

motors 303 

parallel circuits 208 

wattmeter, use with instru- 
ment transformers 282 
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Slip, definition 292 

Sparking, how to cure 106 

Speed control 
compound wound D.C. 

motor 124 

D.C. motors 109 

series wound D.C. motors... 123 
Speed regulation in D.C. 

motors 109 

Split phase motor 305 

Squirrel cage rotor 299 

Stabilized shunt motor 101 

Star connection 229 

Star-delta connection in trans- 
former 262 

Starter, auto transformer 327 

Starters, D C. motor 125 

Step-down transformer 15 

Step-up transformer 15 

Submersible motor 99 

Symbols, electrical 14 

Synchronizing alternators 242 

Synchronous 

condenser 302 

motor 300 

starting 302 

speed 300 

Synchroscope 37 

use 245 

Temporary magnets 10 

Terminal markings, controller. 130 

Three-phase connections 261 

Torque characteristics of com- 



pound wound D.C. motor... 17 
Transformers 
coils, method of phasing 

out 260,261 



current 30,278 

determining polarity 254 

instrument 30 

method of cooling 254 

potential 30,277 

step-down 15 

step-up 15 

Universal motors 316 

Variable condensers 14 

Vector diagram 211 

Vectors, use in adding 

voltages 187 

Volts, definition 1 

Voltage 

drop due to increased load . . 237 
drop in shunt wound 

generator 90 

frequency 180 

regulator 95,237 

Voltmeter connection, view... 7 

Waterproof motor 99 

W att-hour meter, A.C 36 

Watt-hour meter, D.C 36 

Wattmeters 34 

polyphase 34 

precautions 35 

Wave windings 49 

Windings, armature 40, 82 

compensating 81 

connections, changing 59 

drum 40 

lap 43 

multiplex 54 

types of in motors 101 

wave 49 

Wound rotor motors 297 

advantages 298 
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